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years,  their  requirements  of  ultrahigh  vacuum  and  of  electron  bombardment 
make  these  methods  destructive.  Furthermore  they  mostly  furnish  only 
elemental  analysis  and  then  their  spatial  resolution  is  not  high./  For 
some  of  our  work  we  have  been  fortunate  in  having  access  to  a  scanning 
Auger  electron  spectrophotometer  (AES);  its  best  spatial  resolution  of 
about  50  pm  is  rather  high.  However,  most  of  our  analyses  were  carried 
out  with  spatial  resolutions  better  than  20  pm  and  they  made  use/ of  (1)  a 
phase-locked  interference  microscope  (PLIM) ,  (11)  an  electronic  /Faraday- 
modulated  ellipsometer  (EFME),  (ill)  speckle-contrast  (SC),  and/(iv)  friction 
and  lubricant  thickness  measurements  with  a  ball-on-plate  sliding  contact. 

All  this  apparatus  was  of  our  ultimate  design  and  it  was  assembled  and 
completed  in  the  search  for  significant  surface  changes  in  a  bearing  operated 
on  its  way  to  failure  except— for  SC,  which  was  studied  for  applicability 
to  metal -gas  reactions.  The  design  and  construction  of  the  PLIM  and  EFME  are 
major  accomplishments  to  this  project. 

NV  A  realistic  system  was  selected  for  these  wear  studies;  an  operating  bearing 
contact  consisting  of  a  loaded  M-50  bearing  steel  ball-on-plate  mock-bearing  and 
lubricants  simulating  MIL  23699  and  its  additives,  i.e.  a  most  common  heavily 
loaded  bearing  system.  ;  The  mock-bearing  had  dimensions  such  that  the  width  of  thi 
wear  track  was  amenabW  to  our  surface  analyses. 


Significant  changes  were  found  (i)  in  the  changes  of  the  surface  profile 
within  the  wear  track  over  the  course  of  bearing  operation  for  different 
lubricants,  (ii)  in  the  rate  of  oxidation  of  the  steel  bearing  surface 
within  and  without  the  wear  track,  (iii)  in  the  rate  of  the  change  of  optical 
profile  within  and  without  the  wear  track  after  a  brief  exposure  to  dilute 
hydrochloric  acid,  and  (iv)  in  the  friction  for  different  lubricants. 

Common  surface  additives  in  lubricants,  such  as  tricresyl phosphate  (antiwear) 
and  benzotriazole  (anticorrosion),  produced  larger  profile  changes  then 
other  common  lube  additives.  Invariably  these  changes  could  be  associated 
with  the  more  rapid  formation  of  surface  oxides  within  than  without  the  wear 
track. 

The  hydrochloric  acid  probe  reaction  changing  the  surface  profile 
could  become  a  convenient  and  useful  test  for  bearing  surface  reliability. 

The  PLIM  and  EFME  instruments  developed  for  this  work  will  prove  to  be 
useful  in  many  different  applications,  not  only  in  the  analysis  of  metal 
and  metal  oxide  surfaces.  The  applicability  of  SC  to  reaction  studies 
will,  however,  remain  limited  to  gross  changes.  For  these  it  can  be  used 
from  large  distances. 

As  part  of  this  project,  but  in  a  separate  investigation,  jet  fuel  deposits 
formed  on  surfaces  of  a  Jet  Fuel  Oxidation  Tester  (JFTOT)  were  analyzed 
by  infrared  emission  Fourier  microspectrophotometry,  a  technique  we  developed 
under  a  previous  AFOSR  grant. 
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ABSTRACT  OF  OBJECTIVES  AND  ACCOMPLISHMENTS 


Identification  and  understanding  of  the  surface  phenomena  Involved  In  lubrica¬ 
tion  and  wear  are  necessary  If  failures  are  to  be  avoided  or  at  least  mitigated. 
Failure  of  lubrication  and  high  wear  rates  can  be  very  costly  to  both  civilian 
and  military  machinery. 

While  many  new  methods  of  surface  analysis  have  been  developed  In  recent  years, 
their  requirements  of  ultrahlgh  vacuum  and  of  electron  bombardment  make  these  methods 
destructive.  Furthermore  they  mostly  furnish  only  elemental  analysis  and  then 
their  spatial  resolution  is  not  high.  For  some  of  our  work  we  have  been  fortunate 
In  having  access  to  a  scanning  Auger  electron  spectrophotometer  (AES);  Its  best 
spatial  resolution  of  about  50  pm  Is  rather  high.  However,  most  of  our  analyses 
were  carried  out  with  spatial  resolutions  better  than  20  pm  and  they  made  use  of 
(1)  a  phase-locked  Interference  microscope  (PLIM),  (11)  an  electronic  Faraday- 
modulated  ellipsometer  (EFME),  (ill)  speckle-contrast  (SC),  and  ( 1 v)  friction  and 
lubricant  thickness  measurements  with  a  ball-on-plate  sliding  contact.  All  this 
apparatus  was  of  our  ultimate  design  and  It  was  assembled  and  completed  In  the 
search  for  significant  surface  changes  In  a  bearing  operated  on  its  way  to  failure 
except— for  SC,  which  was  studied  for  applicability  to  metal-gas  reactions.  The 
design  and  construction  of  the  PLIM  and  EFME  are  major  accomplishments  to  this 
project. 

A  realistic  system  was  selected  for  these  wear  studies;  an  operating  bearing 
contact  consisting  of  a  loaded  M-50  bearing  steel  ball-on-plate  mock-bearing  and 
lubricants  simulating  MIL  23699  and  its  additives,  i.e.  a  most  common  heavily  loaded 
bearing  system.  The  mock-bearing  had  dimensions  such  that  the  width  of  the  wear 
track  was  amenable  to  our  surface  analyses. 

Significant  changes  were  found  (1)  in  the  changes  of  the  surface  profile  within 
the  wear  track  over  the  course  of  bearing  operation  for  different  lubricants,  (ii) 
in  the  rate  of  oxidation  of  the  steel  bearing  surface  within  and  without  the  wear 
track,  ( 1 1 i )  in  the  rate  of  the  change  of  optical  profile  within  and  without  the 
wear  track  after  a  brief  exposure  to  dilute  hydrochloric  acid,  and  (iv)  in  the 
friction  for  different  lubricants.  Common  surface  additives  in  lubricants,  such 
as  tricresyl phosphate  (antiwear)  and  benzotriazole  (anticorrosion),  produced  larger 
profile  changes  then  other  common  lube  additives.  Invariably  these  changes  could 
be  associated  with  the  more  rapid  formation  of  surface  oxides  within  than  without 
the  wear  track. 

The  hydrochloric  acid  probe  reaction  changing  the  surface  profile  could  become 
a  convenient  and  useful  test  for  bearing  surface  reliability. 

The  PLIM  and  EFME  instruments  developed  for  this  work  will  prove  to  be  useful 
in  many  different  applications,  not  only  in  the  analysis  of  metal  and  metal  oxide 
surfaces.  The  applicability  of  SC  to  reaction  studies  will,  however,  remain  limited 
to  gross  changes.  For  these  it  can  be  used  from  large  distances. 

As  part  of  this  project,  but  in  a  separate  investigation,  jet  fuel  deposits 
formed  on  surfaces  of  a  Jet  Fuel  Oxidation  Tester  (JFTOT)  were  analyzed  by  infrared 
emission  Fourier  microspectrophotometry,  a  technique  we  developed  under  a  previous 
AFOSR  grant. 
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1 .  INTRODUCTION 


While  many  new  methods  of  surface  analysis  have  been  developed  iri  recent  years, 
their  requirements  of  ultrahlgh  vacuum  and  of  electron  bombardment  make  these  methods 
destructive.  Furthermore  they  mostly  furnish  only  elemental  analysis  and  then 
their  spatial  resolution  is  not  high.  For  some  of  our  work  we  have  been  fortunate 
in  having  access  to  a  scanning  Auger  electron  spectrophotometer  (AES);  its  best 
spatial  resolution  of  about  50  pm  is  rather  high.  However,  most  of  our  analyses 
were  carried  out  with  spatial  resolutions  better  than  20  pm  and  they  made  use  of 
(i)  a  phase-locked  interference  microscope  (PLIM),  (11)  an  electronic  Faraday- 
modulated  ellipsometer  (EFME),  (iii)  speckle-contrast  (SC),  and  ( 1 v)  friction  and 
lubricant  thickness  measurements  with  a  ball-on-plate  sliding  contact.  All  this 
apparatus  was  of  our  own  ultimate  design  and  assembled  and  brought  to  bear  In  the 
search  for  significant  surface  changes  of  a  loaded  ball -pi ate  sliding  contact  oper¬ 
ated  on  its  way  to  failure  except  for  SC,  which  was  studied  for  applicability  to 
metal-gas  reactions. 

A  realistic  system  was  selected  for  these  laboratory  studies;  an  operating 
contact  consisting  of  a  loaded  M-50  bearing  steel  ball-on-plate  of  the  same  material 
mock-bearing  and  lubricants  simulating  MIL  23699  and  its  additives,  i.e.  a  most 
common  heavily  loaded  bearing  system.  The  mock-bearing  had  dimensions  such  that 
the  width  of  the  wear  track  was  amenable  to  our  surface  analyses. 

Significant  changes  were  found  (i)  in  the  changes  of  the  surface  profile  within 
the  wear  track  over  the  course  of  bearing  operation  for  different  lubricants,  (11) 
in  the  rate  of  oxidation  of  the  steel  bearing  surface  within  and  without  the  wear 
track,  (iii)  in  the  rate  of  change  of  optical  profile  within  and  without  the  wear 
track  after  a  brief  exposure  to  dilute  hydrochloric  acid,  and  (iv)  in  the  friction 
for  different  lubricants.  Common  surface  additives  in  lubricants,  such  as  tricresyl- 
phosphate  (antiwear)  and  benzotriazole  (anticorrosion),  produced  larger  profile 
changes  than  other  common  lube  additives.  Invariably  these  changes  could  be  associ¬ 
ated  with  the  more  rapid  formation  of  surface  oxides  within  than  without  the  wear 
track. 

The  hydrochloric  acid  probe  reaction  changing  the  surface  profile  could  become 
a  convenient  and  useful  test  for  bearing  surface  reliability. 

The  PLIM  and  EFME  instruments  developed  for  this  work  will  prove  to  be  useful 
in  many  different  applications,  not  only  In  the  analysis  of  metal  and  metal  oxide 
surfaces.  The  applicability  of  SC  to  reactions  studies  will,  however,  remain  limited 
to  gross  changes.  For  these  it  can  be  used  from  large  distances. 

As  part  of  this  project,  but  in  a  separate  investigation,  jet  fuel  deposits 
formed  on  surfaces  of  a  Jet  Fuel  Oxidation  Tester  (JFTOT)  were  analyzed  by  infrared 
emission  Fourier  microspectrophotometry,  a  technique  we  developed  under  a  previous 
AFOSR  grant. 

All  of  the  following  comments  are  taken  from  papers  published  or  in  process 
of  publication  with  the  exception  of  the  speckle  work  which  is  communicated  here 
for  the  first  time. 


2.  MATERIALS 


The  lubricants  were  trimethylol  propane  triheptanoate  base  stock  either  alone 
or  with  one  or  all  of  the  following  (i)  benzotriazole  (0.0203*  corrosion  inhibitor 
BTZ),  (ii)  di octyl  diphenyl  amine  and  (iii)  phenyl -alpha-naphthyl  amine  (both  1.036* 
and  antioxidants,  DODPA  and  PANA),  and  (iv)  tricresylphosphate  (2.55*  TCP  antiwear 
additive).  The  fully  formulated  oil  is  equivalent  to  MIL-L-23699  (G-MIL-99). 

The  probe  solution  was  0.04  M  hydrochloric  acid  in  ethanol. 

The  ball  and  the  plate  were  hardened  (62-63RC)  martensitic  M-50  steel  (0.8* 

C,  4.1*  Cr,  1.0*  V,  4.25*  Mo). 

The  speckle  contrast  (SC)  experiments  were  also  carried  out  with  M-50  steel 
plates.  The  bromine  reagent  used  for  the  etching  was  Analytical  Reagent  grade. 

The  jet  fuel  deposits  were  supplied  on  their  original  support,  i.e.  the  tubes 
from  the  Jet  Fuel  Thermal  Oxidation  Tester  (JFT0T),  by  Mr.  Robert  Morris,  Fuels 
Branch,  Fuels  and  Laboratory  Division,  Aero  Propulsion  Laboratory,  Department  of 
the  Air  Force,  Air  Force  Wright  Aeronautical  Laboratories,  Wright  Patterson  Air 
Force  Base,  OH  45433. 


3.  APPARATUS  AND  EXPERIMENTAL  CONDITIONS 


3.1  Ball /PI ate  Sliding  Contact 

In  this  rig  an  M-50  bearing  ball  of  20.6  mm  diameter  could  be  rotated  by  a 
horizontal  shaft  supported  by  two  bearings  and  driven  by  an  electric  motor.  The 
ball  was  loaded  from  the  top  by  an  M-50  plate  supported  by  linear  bearings  on  a 
horizontal  loading  platform  In  such  a  way  that  the  friction  force  developed  In 
the  contact  could  be  determined  from  the  strain  generated  In  a  leaf  spring  connecting 
the  plate  with  the  loading  platform.  The  load  could  be  varied  by  hanging  weights 
on  the  loading  platform.  The  lubricants  were  Injected  into  the  contact  from  a 
reservoir  at  ambient  temperature  by  a  peristaltic  pump. 

The  maximum  Hertzian  pressure  was  0.1  GPa  In  all  the  experiments  reported 
here.  The  ball  speed  was  220  revolutions  per  minute,  corresponding  to  0.2  m/s 
linear  speed.  The  duration  of  every  run  was  30  minutes  at  which  time  the  traction 
force  had  reached  a  near-steady  value. 

No  attempt  was  made  to  control  the  contact  temperature  or  to  measure  It. 

However,  an  estimate  of  the  maximum  surface  temperature  rise  based  on  Winer's  calcu¬ 
lations  [1]  Indicated  that  the  temperature  could  have  exceeded  220°C,  the  critical 
temperature  for  TCP/surface  reaction  according  to  Faut  and  Wheeler  [2] . 


3.2  AC  Phase-Locked  Interference  Microscope  (PLIM) 

This  instrument,  schematically  shown  in  Fig.  1,  is  basically  a  Michel  son  inter¬ 
ferometer  with  a  laser  source  and  microscope  objectives  facing  two  mirrors  at  almost 
equal  distances  from  the  beamsplitter.  One  of  these  mirrors  is  the  reference  mirror 
which  is  vibrated  piezoelectrically  at  20  KHz.  The  other  "mirror"  is  the  sample 
surface,  which  can  be  translated  horizontally  to  bring  surface  features  of  different 
heights  into  the  field  of  view.  Reflected  radiations  from  these  mirrors  are  recom¬ 
bined  at  the  beamsplitter  and  passed  through  another  microscope  objective  to  bring 
enlarged  Interference  fringes  onto  a  photodetector.  If  the  two  beamspl itter-to- 
mlrror  distances  are  equal,  the  photodetector  is  "locked"  Into  the  peak  of  a  fringe 
and  the  20  kHz  amplitude  vanishes.  If  they  are  not  equal,  an  error  signal  is  gener¬ 
ated,  resulting  In  a  d.c.  potential  on  the  piezoelectric  crystal  to  shift  its  plane 
In  such  a  way  as  to  make  the  distances  equal.  A  plot  of  d.c.  potential  against 
the  horizontal  sample  position  results  In  the  "optical"  profile  of  a  surface. 

It  is  the  optical  profile  rather  than  the  true  physical  profile  because  in  reality 
phases  and  not  distances  are  compared  and  phases  depend  on  the  optical  constants 
of  the  surface  layer  and  Its  thickness  as  well  as  on  the  optical  properties  of 
the  substrate.  For  this  reason  the  profiles  obtained  with  different  laser  wave¬ 
lengths  are  different  when  different  surface  layers,  e.g.  oxides  on  steel,  are 
present.  From  these  differencles  the  nature  and  thickness  of  the  oxides  can  be 
deduced  provided  some  of  the  optical  constants  are  independently  known,  e.g.  ellipso- 
metrically. 


3.3  Faraday-Modulated  Electronic  Recording  Scanning  Ellipsometer  (ESE) 

A  schematic  diagram  of  the  Faraday-modulated  ellipsometer  is  shown  in  Fig. 
2.  This  is  the  ellipsometer  originally  designed  by  Monin  and  Boutry  [3],  which 
was  modified  first  by  Sullo  and  Moore  at  the  University  of  Rochester  [4]  and  now 
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by  us.  Radiation  from  the  laser  source  S  is  polarized  by  the  polarizer  P,  whose 
azimuth  of  vibration  with  respect  to  the  plane  of  incidence  is  e.  On  reflection 
from  the  sample  surface  M  the  plane-polarized  radiation  has  become  elliptically 
polarized.  The  angle  of  the  semi-major  axis  of  the  ellipse  and  the  plane  of  inci¬ 
dence  is  y  CF  is  a  Faraday  modulator  consisting  of  a  solen.oidal  coil  with  a  Faraday 
glass  cylinder  at  its  axis.  The  magnetic  field  generated  by  the  coll  causes  the 
azimuth  of  polarized  radiation  of  the  light  traveling  along  the  axis  of  the  cylinder 
to  be  changed  proportionally  to  the  magnitude  of  the  magnetic  field  and  to  the 
length  of  the  cylinder,  the  proportionality  constant  being  called  the  Verdet  constant. 
This  phenomenon  is  known  as  the  Faraday  effect.  The  coil  is  driven  by  a  500  Hz 
oscillator,  causing  the  magnetic  field  to  vary  with  that  frequency.  By  the  Faraday 
effect  the  inclination  angle  of  the  polarization  ellipse  with  respect  to  the  plane 
of  incidence  is  also  varied  with  the  same  frequency.  The  radiation  from  the  Faraday 
modulator  is  passed  through  the  polarization  analyzer  A  of  azimuth  6  and  is  finally 
detected  by  the  photocell  or  photomultiplier  PM. 

Our  instrument  uses  a  10  cm  long,  0.6  cm  diameter  Faraday  glass  cylinder  (three 
times  as  long  as  Sullo's)  in  order  to  obtain  a  large  amplitude  of  modulation. 

The  current  in  the  coil  is  modulated  with  a  500  Hz  frequency.  If  the  analyzer 
angle  8  is  equal  to  the  true  azimuth  y,  the  radiation  detected  at  the  500  Hz  fre¬ 
quency  by  a  phase-sensitive  electronic  detector  is  zero  and  the  electronic  system 
is  "locked".  At  the  same  time,  the  amplitude  of  the  first  harmonic  (1000  Hz)  Is 
monitored  to  make  sure  it  is  non-zero.  If,  however,  the  amplitude  detected  at 
500  Hz  is  nonzero,  an  error  signal  is  used  to  turn  the  analyzer  by  an  angle  appro¬ 
priate  to  make  It  zero.  This  is  done  by  an  electro-optic  transducer  and  control 
circuitry  capable  of  resolving  0.01  degrees  of  arc. 

Scanning  of  a  sample  surface  is  done  by  moving  the  sample  M  parallel  to  its 
plane  while  the  polarizer  is  rotated  at  an  essentially  constant  speed  with  a  DC 
motor  and  the  analyzer  is  being  continuously  reset  at  corresponding  azimuths. 

Plots  of  polarizer  versus  analyzer  angle  look  like  the  curve  of  Fig.  3.  One  method 
of  obtaining  the  el  1 ipsometric  parameters  ty  and  a  from  this  curve  is  graphically 
as  shown  in  the  figure.  However,  our  computerized  curve  fitting  program  is  much 
more  accurate,  because  all  the  data  points  on  the  curve  are  used,  not  just  a  few 
selected  ones.  Furthermore,  many  such  curves  can  be  traced  and  averaged  in  a  short 
time.  Once  a  and  ip  are  known,  the  index  of  refraction  n  and  the  film  thickness 
can  be  calculated,  but  since  n  is  complex,  consisting  of  two  variables,  more  than 
two  measurements  are  needed,  e.g.  at  more  angles  of  incidence  (not  just  at  45°), 
different  wavelengths,  etc.  The  computations  can  become  quite  extensive,  but  are 
easily  performed  on  a  small  laboratory  computer. 

By  placing  a  microscope  objective  forming  a  real  image  of  the  sample  surface 
ahead  of  the  detector,  sample  areas  as  small  as  20  pm  in  diameter  can  be  resolved 
ellipsometrically.  Most  of  the  energy  reflected  of  the  surface  is  lost,  but  suffi¬ 
cient  energy  remains  to  make  the  measurements. 

Since  the  design  and  operation  of  our  ellipsometer  is  unique  and  not  jet  pub¬ 
lished,  a  detailed  description  of  the  present  apparatus  is  presented  in  Appendix 
I. 


3.4  Apparatus  for  Speckle  Measurements 


Fig.  4  shows  the  setup  schematically.  A  helium-neon  laser  of  low  power  (2 
milliwatts)  was  used  as  the  source.  Its  wavelength  (6328  A)  allows  measurements 
of  only  low  roughness.  The  thought  was  to  replace  it  later  by  an  infrared  source 


when  an  appropriate  detector  will  be  available.  The  mirror  arrangement  allows 
variation  of  the  angle  of  Incidence.  The  entire  setup  was  mounted  rigidly  on  a 
steel  plate  sitting  on  a  home-made  optical  table. 

The  samples  were  M-50  steel  heat-treated  for  use  In  bearings,  polished  with 
600  grade  silicon  carbide  paper. 

A  Yashlca  FRI  camera  body  (no  lens)  was  used  with  fine-grain  Kodak  Panatonlc-X 
ISO  32,  FX  135  film.  The  size  of  the  Illuminated  area  could  be  varied  with  the 
exit  lens  of  the  spatial  filter.  For  this  work  the  average  spot  diameter  was  2 
mm.  Observation  was  In  the  far  field  (L  *  5m,  so  that  (D2/4a)  =  1.58m). 


3.5  Apoaratus  for  Jet  Fuel  Deposit  Analysis 


4.  RESULTS 


4.1  Tractions  and  Surface  Roughness.  Effect  of  the  Acid  Probe 

Figure  5  shows,  traction  curves  for  the  different  lubricants  after  the  ball 
and  plates  were  soaked  in  them  for  three  hours  at  ambient  temperature.  The  operating 
conditions  were  such  that  scoring  or  scuffing  would  occur  very  soon  for  the  fully 
formulated  oil,  thereby  allowing  us  to  maximize  the  differences  with  respect  to 
scoring  or  scuffing  for  the  additives.  Differences  between  the  bearing  surfaces 
for  the  antioxidants  and  TCP  with  and  without  soaking  were  found.  The  surface 
roughnesses  (standard  CLA  roughness)  were  determined  from  the  optical  profiles 
and  plotted  in  Fig.  6.  The  antioxidants  DODPA  and  PANA  show  the  least  change  over 
the  measured  time  period  within  the  error  limits.  DODPA  and  PANA  are  also  the 
only  lubricants  giving  a  significant  reduction  of  roughness  in  the  initial  phase 
of  operation  when  the  acid  probe  was  applied  (Fig.  7).  Since  these  measurements 
were  made  in  separate  experiments,  the  consistency  of  the  traction,  roughness, 
and  acid  probe  data  must  be  significant.  Another  interesting  observation  is  the 
sharp  increase  in  relative  roughness  change  after  acid  treatment  for  both  BLZ  and 
TCP  (Fig.  6)  in  the  final  stage  of  the  ball  plate  run,  while  the  roughness  change 
remained  about  constant  during  most  of  the  run. 

A  closer  examination  of  Fig.  6  reveals  some  interesting  correlations.  Since 
the  vertical  scale  is  arbitrary  and  the  curves  were  displaced  by  arbitrary  amounts 
to  avoid  confusion,  only  trends  are  significant.  The  fully  formulated  oil  (G-MIL-99) 
and  the  two  amine  additives  PANA  and  DODPA  gave  rise  to  roughness  peaks  at  about 
20  seconds.  The  fully  formulated  oil,  the  base  oil  and  BTZ,  the  anticorrosion 
additive,  had  roughness  peaks  at  about  80  seconds.  Only  TCP  shows  a  descending 
slope  beyond  100  seconds.  These  differences  might  be  related  to  the  formation 
of  different  surface  oxides. 

The  two  surface  additives  TCP  and  BTZ  had  the  highest  traction  while  the  antioxi¬ 
dants  had  the  lowest.  All  the  surfaces  were  soaked  for  three  hours  in  the  respective 
lubricants,  cleaned  and  dried,  and  then  immediately  used  in  the  traction  test  with 
clean  base  oil  (Fig.  5). 


4.2  Ellipsometry  of  Wear  Tracks 

In  Fig.  7,  the  changes  of  slope,  cos  A/tan  were  plotted  across  the  wear 

track  for  the  samples  of  Fig.  5.  It  will  be  noted  that  TCP,  which  had  the  highest 
traction  in  Fig.  5,  also  shows  the  greatest  variation  over  the  traverse.  The  sharp 
positive  and  negative  peaks  correspond  to  a  spot  on  the  wear  track  (between  100 
and  500  pm  on  the  abscissa),  which  is  clearly  visible  under  the  microscope.  The 
half-widths  of  these  peaks  is  about  20  um.  The  slope  changes  for  the  other  materials 
inside  the  wear  track  were  much  smaller.  Outside  the  wear  track  the  slope  variations 
were  minimal;  the  bottom  curve  for  DODPA  shows  the  characteristic  behavior  there. 
Clearly,  the  nature  of  the  surface  is  different  inside  the  wear  track.  The  change 
is  not  caused  by  a  change  of  reflecting  angle,  for  the  reflected  laser  beam  is 
very  restricted  by  apertures.  When  the  angles  and  corresponding  azimuths  were 
changed  in  order  to  compute  the  film  thickness  and  the  optical  constants,  the  former 
came  out  to  be  about  60  A  at  the  maximum  and  the  latter  correspond  roughly  to  Fe203 
by  comparison  with  the  data  of  Leberknight  and  Lustman  [7].  The  identification 
is  tentative  and  not  unique  for  lack  of  reference  data,  which  will  be  obtained 
later. 
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The  preferential  production  of  a  thin  oxide  layer  on  wear  tracks  would  seem 
to  be  general,  but  is  strongest  for  those  produced  in  the  presence  of  TCP. 

It  should  be  pointed  out  that  the  collection  of  data  such  as  those  of  Fig. 

7  presents  problems  different  from  those  encountered  when  ellipsometry  Is  used 
with  dielectric  substrates  [8].  Most  ellipsometric  work  today  refers  to  dielectrics 
and  semiconductors.  The  most  important  difference  is  reflectivity  -  high  for  metals 
and  low  for  dielectrics  and  semiconductors.  Furthermore,  metals  have  a  complex 
index  of  refraction  (two  optical  constants),  dielectrics  only  a  real  index  of  refrac 
tion. 


4.3  Auger  Electron  Spectrograms 

The  plates  were  analyzed  after  the  ball  experiments  with  every  lubricant. 

Three  areas  were  selected,  two  within  the  wear  track  and  one  outside  of  it  for 
reference.  After  the  ball  experiment,  the  specimens  were  washed  with  lots  of  alcohol 
and  allowed  to  dry  and  not  handled  or  treated  prior  to  their  introduction  Into 
the  Auger  spectrometer.  As  a  control,  a  polished  M-50  plate  not  used  in  a  ball /pi ate 
experiment  was  included  in  the  set  of  Auger  analyses. 

All  the  lubricants  and  the  reference  gave  about  the  same  spectra  in  the  as 
received  condition.  However,  after  six  minutes  of  ion  bombardment,  all  the  spectra 
from  outside  the  wear  scar  as  well  as  from  the  reference  plate  were  essentially 
free  of  0  and  C  while  those  from  inside  the  wear  scar,  notably  those  from  TCP  and 
perhaps  also  from  BTZ  had  a  higher  0  and  C  content. 

In  order  to  show  the  effect  of  ion  bombardment  on  elemental  composition,  the 
plots  of  Fig.  8  were  drawn  for  two  position  within  the  wear  scar.  They  present 
the  ratios  of  the  0  and  C  peaks  to  one  of  the  Fe  peaks  as  a  function  of  time. 

A  sharp  change  of  slope  after  two-to-four  minutes  probably  signifies  the  removal 
of  a  surface  layer. 

From  these  observations,  the  following  deductions  would  seem  to  be  reasonable: 

1.  The  high  C-ratios  and  0-ratios  in  the  outermost  surface  layer  are  probably 
atmospheric  contamination.  They  are  present  even  in  the  reference. 

2.  TCP  and  GMIL  (also  containing  TCP)  have  an  oxide  layer  under  the  atmospheric 
contamination  layer.  BTZ  is  likely  to  have  one  as  well.  The  reference,  however, 
does  not  have  such  a  layer  within  our  error  of  measurement,  but  the  other  mater¬ 
ials  might  have  a  weak  oxide  layer. 

3.  A  carbide  layer  might  also  underly  the  atmospheric  contamination  layer. 


4.4  Determination  of  the  Rate  of  Etching  of  M-50  Steel  by  Bromine  Vapor  by  the 

Use  of  Speckle  Contrast 

4.4.1  Background 

This  reaction  was  chosen  as  an  example  rather  than  liquid  state  reactions 
which  proceed  at  the  metal-lubricant  boundary  because  gas-solid  reactions  are  more 
easily  controlled.  While  we  realized  all  the  time  that  interference  microscopy 
was  a  more  sensitive  and  reliable  tool  than  laser  speckle,  the  greater  simplicity. 


larger  viewing  area  and  larger  distance  of  observation  are  clearly  favoring  laser 
speckle.  The  primary  purpose  of  the  experiment  was  to  establish  feasibility. 


>.■ 


While  this  reaction  was  not  the  first  to  be  monitored  optically.  It  was  probably 
the  first  to  be  monitored  by  speckle  contrast.  Burland,  Bjorkland,  and  Alvarez 
[9]  and  later  Burland  and  Brauchle  [10]  used  holography  to  determine  photochemical 
reaction  rates  on  surfaces.  The  most  frequently  used  kinetic  technique,  measurement 
of  the  disappearance  of  the  reactants  or  the  appearance  of  products  by  following 
changes  In  their  optical  absorption.  Is  of  low  ser.  ftivity  because  of  the  difficul¬ 
ties  involved  in  detecting  small  absorption  changes.  The  change  of  speckle  contrast 
is  of  very  high  sensitivity  even  though  it  is  not  a  zero-background  technique  as 
holography  is  in  the  detection  of  photochemical  reactions.  (In  the  holographic 
application  the  photochemical  change  Itself  stores  the  hologram). 

Speckle  Interferometry  was  tried  at  first,  but  It  proved  to  be  difficult  to 
obtain  reproducible  data.  Here,  it  will  be  recalled,  the  speckle  pattern  before 
the  chemical  change  is  compared  with  the  pattern  after  the  change  In  such  a  way 
that  visible  fringes  are  observed.  The  probable  reason  for  our  failure  was  the 
non-uniform  reaction  rate  of  the  surface  area  viewed,  although  mechanical  movement 
could  not  be  excluded.  Speckle  contrast  averages  over  a  fairly  large  area,  is 
non-destructive,  can  be  measured  in  real  time  (although  we  used  slow  photographic 
recording)  and  from  a  considerable  distance  and  can  be  made  very  sensitive  to  changes 
of  surface  roughness  when  the  surface  is  very  smooth.  Under  these  conditions  the 
optical  reflectivity  would  be  close  to  unity  and  insensitive  to  small  changes. 

The  speckle  method  therefore  complements  reflectivity.  It  also  happens  that  the 
chemical  reactivity  of  a  highly  polished  bearing  surface  is  much  more  informative 
than  that  of  a  well-worn  one. 


4.4.2  Theorv 


The  article  by  Welford  [11]  is  an  excellent  review  of  the  relation  between 
laser  speckle  and  surface  roughness.  It  deals  with  speckle  produced  in  transmission 
while  our  work  dealt  exclusively  with  reflected  speckle.  However,  the  basic  ideas 
are  very  much  the  same. 


For  example,  when  a  surface  is  illuminated  by  coherent  light  from  a  laser 
beam,  a  large  number  of  points  on  the  surface  will  scatter  the  radiation  and  sets 
of  interference  fringes  will  be  formed  by  pairs  of  scattering  points,  because  the 
scattered  radiation  originated  from  the  same  laser  beam  and  is  coherent.  Therefore 
the  speckle  pattern  is  a  coherent  sum  (or  a  sum  of  complex  amplitudes)  of  sets 
of  two-beam  interference  fringes  of  different  spacings,  directions,  amplitudes, 
etc. 


This  qualitative  explanation  suggests  how  the  random  pattern  occurs  but  it 
does  not  explain  why  the  contrast  is  so  great.  Many  complicated  theoretical  expres¬ 
sions  have  been  derived  for  this  purpose,  but  Goodman's  [12]  is  probably  the  easiest 
to  grasp,  for  he  likens  the  chaotic  jumble  of  "speckles"  to  a  random-walk  phenomenon. 
He  points  out  that  the  complex  amplitude  of  the  radiation  field  at  (x,y,z)  in  the 
plane  in  which  the  speckles  are  observed  may  be  regarded  as  resulting  from  the 
sum  of  contributions  from  many  scattering  areas  on  the  rough  surface.  Assuming 
now  that  the  amplitude  and  phases  of  the  elementary  scattering  areas  are  statist¬ 
ically  independent  of  each  other  and  are  equally  likely  to  lie  anywhere  in  the 
primary  interval  (-tt,  t r),  l.e.  the  surface  is  rough  compared  with  a  wavelength, 
and  that  the  number  of  the  elementary  contributions  is  large,  the  probability  density 
function  of  I,  the  irradiance  in  the  speckle  observation  plane  is  of  the  form 


0  otherwise. 


where  I  is  the  mean  or  expected  Irradiance.  The  probability  that  the  Irradiance 
exceeds  a  certain  threshold  It  is  then 

.it 

P  (I  >  It)  -  e  T,  It  >  0 

A  fundamentally  important  characteristic  of  the  negative  exponential  distribution 
is  that  its  standard  deviation  precisely  equals  its  mean.  Thus,  the  contrast  of 
a  polarized  speckle  pattern,  as  defined  by 


I 


is  always  unity.  Once  the  surface  has  a  roughness  sufficient  to  produce  phase 
excursions  compariable  to  2*  rad,  negative  exponential  statistics  result,  and  further 
increases  of  roughness  produce  no  perceptible  changes  of  irradiance  statistics. 
Therefore,  all  surfaces  that  are  rough  on  the  scale  of  a  wavelength  produce  the 
same  form  of  irradiance  statistics,  regardless  of  just  how  much  rougher  than  this 
limit  they  may  be. 

Accordingly  It  would  seem  that  surface  roughnesses  estimates  on  the  basis 
of  speckle  contrast  are  limited  to  surface  roughness  of  the  order  of  a  wavelength 
or  less.  For  this  reason  our  original  proposal  called  for  infrared  speckle,  for 
the  infrared  extends  over  a  large  wavelength  range,  say  1-25  pm,  even  without  the 
use  of  a  vacuum.  Furthermore,  it  would  seem  possible  to  decrease  the  observed 
surface  roughness  by  variation  of  the  observation  angle. 

Having  realized  that  speckle  contrast  can  be  a  measure  of  surface  roughness 
only  for  effective  roughnesses  of  the  order  of  a  laser  wavelength  or  less,  a  model 
for  the  speckle/roughness  relation  at  smaller  roughness  should  be  developed.  The 
thin  phase  screen  model  of  Welford  [11]  serves  this  purpose.  The  following  assump¬ 
tions  are  made: 

(a)  The  metal  surface  is  assumed  to  be  a  perfect  reflector  without  phase  change 
at  all  angles  of  incidence. 

(b)  The  surface  slopes  are  assumed  to  be  small  enough  to  permit  ignoring  problems 
of  shadowing. 

(c)  The  general  shape  is  smooth  compared  to  the  wavelength  of  the  light,  i.e. 
no  sharp  peaks  or  angles. 

(d)  There  are  no  polarization  effects. 


The  thin  phase  screen  model  Is  a  plane  surface  of  100%  reflectivity  with  appro 
prlately  varying  phase  change  on  reflection  at  different  points.  In  effect,  the 
thin  phase  screen  model  is  analogous  to  a  reflection  grating  "randomly  ruled." 

If  z(x,y)  Is  the  rms  surface  roughness  (peak  height  distribution  measured  from 
the  center  line  average,  CLA),  then  the  phase  change  on  reflection  associated 
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with  It  Is  *  (x,y)  *  ~  z(x,y)*2  cos<*>  where  $  Is  the  angle  of  Incidence  and 
reflection  (measured  from  the  surface  normal).  This  equation  shows  that  oblique 
reflection  (0  <  <t>  <  j)  reduces  the  phase  and  permits  larger  roughness  to  be  measured 
(as  shown  below). 

To  obtain  a  heuristic  relation  between  speckle  contrast  and  phase,  Asakura 
[5]  proceeded  as  follows: 


The  speckle  Intensity  distribution  in  the  observation  plane  is 


I(r' )  =  | J* K(r,r‘ ) | 2  =  |JV,*')  0(r)  dr  |2 


where  r  (equivalent  to  x,y)  refers  to  the  object  plane  (surface)  and  r'  to  the 
speckle  observation  plane  by  the  usual  Intensity  ^  (amplitude)2  relation.  K(f.r') 
is  the  point  spread  function  which  indicates  a  spreading  amplitude  distribution 
at  the  observation  plane  due  to  a  point  at  object  plane.  The  point  amplitude 
distributions  within  an  extended^area  of  K(r,r')  contribute  to  forming  the  speckle 
intensity  at  an  arbitrary  point  r*  of  the  observation  plane.  The  thin  phase  screen 
model  equates 


0  (r) 


-1*(r) 

e 


so  that  I(r')  ■  |  jK(r,r')e  ^  dr| ' 

Thus  the  intensity  at  a  point  r'  in  the  observation  plane  is  givenjj^  superposition 
of  phase  variations  over  light  waves  within  an  extended  area  of  K(f.r').  As  the 
phase  variations  over  that  area  increase,  the  intensity  variation  at  the  observation 
plane  Increases,  thus  yielding  an  increase  of  the  contrast  In  the  speckle  pattern. 

To  quantitatively  specify  the  speckle  intensity  variations,  the  average  contrast 
V,  defined  by  a  normalized  standard  deviation  of  speckle  Intensity  variations  at 
the  observation  plane.  Is  introduced 

V  «  *  [<I2(r‘  )>  -  <I(r'  )>2]/<I(r'  )> 


where  the  brackets  Indicate  ensemble  average. 

By  determining  V  for  samples  of  known  roughness  (rms  roughness  by  a  stylus 
prof Horneter),  the  roughness  of  an  unknown  surface  can  be  found,  provided  it  is 
in  the  accessible  range  (smooth  to  a  wavelength  of  the  laser  reflected  from  it). 


4.4.3  Apparatus  for  the  Etching  Experiment 

One  reason  bromine  etching  was  used  in  the  preliminary  experiments  was  the 
relative  ease  with  which  it  could  be  applied.  The  apparatus  of  Figure  9  served 
very  well.  The  water  bath  temperature  was  kept  constant  at  100°C  and  the  amount 
of  bromine  contacting  the  sample  was  controlled  by  the  time  the  valve  was  kept 
open.  After  every  exposure  the  sample  steel  specimen  was  returned  to  the  same 
position  for  the  speckle  experiment.  Some  tests  were  made  for  the  reproducibility 
of  the  speckle  pattern  after  loading  in  the  etching  apparatus  and  repositioning 
the  speckle  apparatus  and  no  changes  could  be  detected. 

In  Figure  10  three  speckle  patterns  as  obtained  on  photographic  film  are  shown. 
They  correspond  to  total  etching  times  of  zero,  15,  and  75  seconds.  The  increase 
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in  contrast  with  exposure  time  is  very  apparent.  Careful  comparison  of  these  photo 
graphs  will  also  show  that  exactly  the  same  region  was  illuminated  and  "speckled" 
and  that  the  central  region  (somewhat  below  center  in  these  prints)  has  spread 
out  and  become  lighter. 


4.4.4  Speckle  Intensities 

The  speckle  intensities  were  obtained  with  a  microphotometer  scanning  the 
developed  photographic  film.  Some  of  the  densitometer  tracings  are  shown  in  Figures 
11  and  12.  The  differences  are  very  pronounced.  For  calibration  the  speckle  patterns 
of  steel  specimens  of  known  roughness  were  obtained  and  evaluated  as  shown  in  Figure 
13.  A  curved  CLA  had  to  be  used  in  the  evaluation  of  the  traces.  Some  of  the 
original  profilometer  traces  (TALYSURF)  are  shown  in  Figure  14.* 

It  should  be  pointed  out  that  in  addition  to  having  the  available  roughness 
range  limited  by  the  physics  of  speckle  we  had  the  further  limitation  of  the  latitude 
of  the  photographic  film.  To  overcome  this  problem  the  exposure  times  had  to  be 
changed  and  the  data  were  evaluated  with  the  help  of  the  H&O  curve  supplied  for 
this  film.  In  most  cases  repeat  exposures  had  to  be  run  and  photometered. 


4.4.5  Results  of  the  Speckle  Experiments 

The  data  of  Table  I  and  Figures  15  and  16  show  the  results.  The  contrast 
increases  very  rapidly  at  first,  comes  to  a  plateau  and  then  reaches  the  level 
of  maximum  contrast  (Figure  8).  There  is,  however,  a  further  gradual  decrease 
of  contrast  noticeable  over  a  much  longer  time  period.  The  normalized  central 
peak  intensity  in  the  speckle  observation  plane,  which,  according  to  Welford  [11] 
is  given  by 


where  g2  is  the  variance  of  the  phase  of  the  wavefront  from  the  scatterer,  i.e. 
g2  =  <4>2>  -  <$>2 

is  plotted  in  Figure  16.  It  shows  a  rapid  decrease  at  first,  followed  by  a  break 
and  a  much  slower  decrease.  The  break  occurs  at  about  the  same  exposure  time  as 
the  maximum  contrast  (50  seconds). 

At  the  end  of  the  etching  experiment  the  steel  specimen  was  seen  to  be  irregu¬ 
larly  coated  with  a  thin,  reddish-brown  layer.  The  layer  could  be  rubbed  off  very 
easily  with  tissue  paper.  The  specimen  was  then  found  to  be  just  as  smooth  with 
respect  to  speckle  contrast  as  it  was  before  the  etching.  Unfortunately  no  weights 
were  determined  so  that  the  mass  per  unit  area  of  the  layer  remains  unknown. 


4.5  Analysis  of  Jet  Fuel  Oeposits 

Since  a  detailed  report  was  written  on  this  work  [17],  only  a  few  words  are 
necessary  here.  Fourier  infrared  emission  microspectrophotometry  was  used.  The 
deposit  spectra  reflect  the  jet  fuel  composition,  especially  when  nitrogen  and 
sulfur  compounds  are  present. 


The  "peacock"  rings  which  have  been  frequently  observed  on  JFTOT  deposits 
were  found  to  correspond  to  infrared  emission  maxima  and  infrared  spectra  exhibiting 
Inverted  bands  and  must  therefore  consist  of  real  matter  and  not  merely  of  optical 
Interference.  The  deposition  of  material  in  these  rings  probably  has  its  origin 
in  reduced  fluid  flow  which  Is  caused  by  instabilities  in  the  laminar  boundary 
layer.  Similar  rings  were  observed  previously,  but  without  thermal  gradients  which 
"fix"  deposits  on  the  tube  walls  by  the  thermal  cracking  of  the  fuel.  The  particles 
In  these  rings  are  likely  to  be  uniform  and  can  appear  to  be  brightly  colored  just 
as  the  gold  particles  in  thin  gold  films.  It  is  therefore  suggested  that  deposit 
formation  on  JFTOT  and  also  aircraft  fuel  tubes  can  be  reduced  by  deliberately 
producing  turbulent  flow,  for  example  by  the  interposition  of  screens. 


5.  DISCUSSION  AND  CONCLUSIONS 
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5.1  Wear  of  Bearing  Surfaces 

In  our  previous  publications  [13], [14]  the  difference  In  the  effect  of  dilute 
hydrochloric  acid  (our  acid  probe)  on  causing  contour  changes  within  and  outside 
a  wear  track  was  described,  this  difference  being  especially  great  when  scuffing 
conditions  were  approached.  It  was  also  found  that  the  presence  of  the  antiwear 
additive  TCP  In  the  lubricant  would  enhance  this  difference.  Then  the  question 
was  raised  why  scuffing  could  occur  so  suddenly,  apparently  without  warning,  even 
though  operating  conditions  could  have  been  far  from  those  postulated  by  the  Blok 
temperature  criterion.  An  objective  was  to  try  to  explain  the  behavior  of  the 
acid  probe  in  the  hope  that  an  answer  there  would  also  help  toward  arriving  at 
an  answer  to  the  latter  question. 

Differences  in  the  optical  profile  at  different  wavelengths,  ellipsometry, 
and  Auger  electron  spectroscopy  have  now  been  shown  to  discriminate  between  the 
surface  within  the  wear  track  on  M-50  steel  and  outside  of  it.  The  evidence  points 
to  a  higher  concentration  of  an  oxide,  most  likely  iron  oxide,  within  the  wear 
track  than  outside.  Interestingly  enough,  it  would  seem  that  TCP  promotes  the 
formation  of  such  an  oxide.  Such  an  oxide  would  react  much  faster  chemically  with 
acid  than  the  alloy  steel  itself.  Thus,  the  oxide  would  explain  the  behavior  of 
the  hydrochloric  acid  probe.  The  oxide  is  more  likely  to  be  formed  in  the  wear 
track  than  outside  of  it  because  of  the  higher  surface  temperature  in  the  wear 
track.  It  would  also  reduce  friction  at  higher  temperatures,  though  not  at  low 
ones  and  explain  both  our  data  of  Fig.  5  and  the  results  of  Faut  and  Wheeler  [2]. 
Although  such  an  iron  oxide  layer  on  the  surface  could  conceivably  promote  the 
formation  of  friction  polymer— whose  formation  was  reported  to  be  enhanced  by  TCP 
also— it  is  more  likely  that  the  same  oxidizing  conditions  that  lead  to  the  formation 
of  the  oxide  also  lead  to  the  formation  of  friction  polymer.  Since  friction  polymer 
is,  in  turn,  related  to  acid  sludge  and  the  acid  is  likely  to  react  quickly  with 
the  basic  iron  oxide,  provided  the  temperature  is  high  enough,  a  case  could  be 
made  for  a  mechanism  of  scuffing,  viz.  removal  of  the  oxide  layer  by  reaction  with 
acids  in  the  lubricant  exposing  the  nascent  metal  and  allowing  metal -to-metal  welds. 
Work  now  in  progress  in  our  laboratory  will  test  this  idea. 

A  new  metallurgical  phase  for  M-50  steel  was  also  found  and  reported  in  our 
publication  [14].  Its  etching  characteristics  seemed  to  identify  it  as  a  carbide. 

The  higher  carbon  contents  found  in  the  wear  track  below  the  surface,  expecially 
for  TCP,  are  consistent  with  this  identification. 

The  sharp  Initial  decrease  in  the  ball  experiment  of  acid  probe  reactivity 
of  the  two  amine  antioxidants  can  be  explained  by  the  initial  formation  of  an  amine 
surface  film  and  subsequent  exposure  of  the  original  alloy  steel  surface,  i.e., 
the  lack  of  a  surface  oxide.  Since  the  metal  reacts  more  slowly  than  the  oxide— 
which  was  prevented  from  forming— the  probe  reaction  slows  down.  Once  the  amine 
antioxidant  is  exhausted,  the  reaction  speeds  up  again,  however,  thus  explain¬ 
ing  the  increased  activity  later.  The  amine  surface  film  could  also  be  instrumental 
in  reducing  traction. 

The  behavior  of  BTZ,  the  anticorrosion  additive,  has  been  found  to  be  similar 
to  TCP  in  some  ways.  Its  low  oil  solubility  requires  its  small  concentration. 

By  the  same  token.  It  is  more  likely  to  come  out  of  solution  and  coat  the  bearing 
surfaces  with  an  anodic  [15]  layer.  However,  as  Parkins  [15]  admits,  the  behavior 
of  these  materials  is  still  not  well  understood,  even  by  electrochemists,  though 


they  have  been  used  for  a  long  time. 
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Recently  we  found  that  the  formation  of  surface  oxide  on  M-50  steel  following 
scoring  is  influenced  by  surface  roughness  especially  in  the  presence  of  TCP.  For 
this  reason  the  hardness  and  surface  texture  of  the  steel  used  in  our  experiments 
required  exact  control.  Our  results  confirm  observations  by  Yamamoto  et  al.  [16], 
who  used  a  paraffin  oil  with  no  additives  and  show  a  much  greater  effect  when  additives 
are  present. 

Thus,  it  would  seem  that  leads  have  been  generated  to  help  in  the  design  of 
lubricating  materials  to  reduce  traction  and  scuffing  failure.  Their  chemical 
interaction  with  the  bearing  surfaces,  i.e.,  the  formation  of  oxide  and  perhaps 
other  layers  is  an  important  key. 

5.2  Discussion  of  the  Speckle  Experiment 


Since  this  series  of  experiments  was  carried  out  primarily  to  demonstrate 
the  feasibility  of  speckle  contrast  for  chemical  reaction  rate  measurements,  some 
ancillary  data  necessary  for  interpretation  of  the  results  were  not  obtained. 

For  example  weight  and  thickness  data  and  chemical  analyses  of  the  deposit  layer 
would  have  been  very  helpful.  However,  even  so  the  data  show  that  surface  reaction 
occurs  over  small  patches  (speckle  contrast  rapidly  increases),  which  then  grow 
slowly  (contrast  slightly  decreases).  Central  speckle  intensity  data  are  consistent 
with  the  contrast  data;  the  intensity  drops  rapidly  at  first  and  then  continuously 
at  a  slow  rate.  It  would  seem  that  the  reaction  takes  place  at  active  centers 
on  the  surface;  once  they  are  saturated  no  new  centers  are  formed  and  the  reaction 
stops  except  for  some  slight  diffusion-controlled  increase.  Since  the  surface 
cover  is  discontinuous  and  the  areas  of  contract  between  the  reaction  product  and 
the  original  metal  surface  are  small  and  scattered,  it  is  not  surprising  that  the 
product  rubs  off  easily  and  that  no  change  of  the  surface  roughness  was  then  observed. 

I  think  this  result  is  interesting  from  the  point  of  view  of  friction  and 
lubrication  as  well.  Our  microscope  profile  data  (and  so  have  profilometer  data 
by  others)  have  shown  little  correlation  of  surface  roughness  with  approach  to 
scuffing  failure,  yet  chemical  reactivities  of  the  surface  have  been  found  to  change 
(see  next  section).  The  active  reaction  centers  are  not  asperities— at  least  not 
of  significant  size— but  different  chemical  structures  of  the  metal  surface  itself, 
such  as  metal  atoms  bound  or  not  bound  to  carbon  atoms,  in  cubic  or  hexagonal  struc¬ 
tures  or  on  different  crystal  planes,  etc.  This  idea  is  not  new;  different  reactiv- 
ites  on  different  crystal  faces  have  been  measured,  but  I  am  not  aware  of  such 
measurements  in  a  polycrystalline  and  multiphase  environment  such  as  that  of  M-50. 

Perhaps  the  so  called  "lack  of  recovery"  problem  is  also  related.  When  two 
bodies  in  contact  under  pressure  are  made  to  slide  over  each  other  by  a  tangential 
force  (frictional  force),  the  minute  displacements  occurring  prior  to  overall  motion 
are  not  fully  reversible  when  the  tangential  force  is  removed.  The  prevailing 
theories  (Mindlin,  Cattaneo,  Beil  by)  assume  plastic  deformation  near  the  contact 
or  a  microcrystall ine  layer.  A  material  of  different  chemical  structure,  similar 
to  the  bromides  or  oxides  of  our  experiment,  formed  only  at  dispersed  centers, 
could  well  account  for  it  as  well  and  provide  a  mechanism  for  such  "non-recovery" 
in  the  presence  of  a  lubricant. 


'•  **/•/•.* 


5-3  Discussion  of  Jet  Fuel  Deposit  Analysis 


15/16 


Evidence  points  to 
with  deposition  time.  A 


changes  in  deposition  mechanism  (more  and  different 
detailed  discussion  is  presented  in  Reference  [17] 


oxidation) 


Thus  the  achievements  of  the  project  can  be  summarized  as  follows: 

(I)  An  scanning  electronic  Interference  microscope  and  a  scanning  electronic 
elllpsometer  have  been  built  allowing  surface  profiling  to  ±20  A  In  depth  and  about 
±1  pm  In  width.  These  tools  make  possible  the  determination  of  dielectric  or  semi¬ 
conducting  surface  layers,  l.e.  not  merely  elemental  composition,  given  suitable 
standards,  as  well  as  layer  depth  and  patch  location. 

(II)  Surfaces  of  an  alloy  steel  were  shown  to  oxidize  when  scored  and  more 

so  In  the  presence  of  lubricating  oil  additives  that  strongly  adsorb  to  the  surfaces 
Such  oxides  may  have  higher  chemical  reactivity  especially  toward  acids  than  the 
alloy  steel  and  promote  the  failure  of  bearings. 

(Hi)  The  formation  of  fuel  deposits  on  simulated  jet  aircraft  surfaces  occurs 
in  stages  (at  least  two),  the  later  ones  being  more  influenced  by  oxygen-containing 
free  radicals  than  the  earlier  ones. 
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APPENDIX  I 


General  Description  of  Scanning  Ellipsometer 

We  believe  that  our  modifications  have  produced  an  Instrument  much  superior 
to  those  of  our  predecessors  and  for  this  reason  and  because  of  a  delay  In  Its 
publication,  the  following  description  Is  rather  detailed. 

The  light  from  a  He/Ne  laser  (a  =  6328  A)  is  linearly  polarized  by  a  polar¬ 
izer--  the  polarizer  angle  can  be  changed  by  a  motor-driven  rotation  stage  attached 
to  an  encoder  allowing  position  readout  to  ±  0.01  degree— and  passes  through  a 
modulator.  The  modulator  consists  of  a  coll  passing  500  Hz  of  alternating  current. 

At  the  axis  of  the  coll  Is  a  Faraday  glass  cylinder  which  rotates  the  plane  of 
polarization  of  axially  transmitted  light  by  an  angle  e,  which  is  proportional 
to  the  cylinder  length  and  the  magnetic  field,  the  proportionality  constant  being 
known  as  the  Verdet  constant.  Then  the  light  Is  reflected  by  the  sample  under 
Investigation  and  Is  passed  by  a  second  polarizer,  the  analyzer,  and  by  several 
lenses,  which  increase  the  optical  resolution  and  is  finally  brought  onto  the  detector 
surface  (a  diode  detector  or  photomultiplier  with  built-in  preamplifier. 

The  location  of  the  modulator  is  somewhat  arbitrary;  it  can  be  between  the 
polarizer  and  the  sample  as  shown  in  Fig.  2  or  between  the  sample  and  the  analyzer. 

The  following  description  assumes  the  latter  location  for  ease  of  understanding. 

The  linearly  polarized  light  incident  on  the  sample  will,  in  general,  become 
elliptically  polarized  on  reflection.  When  the  analyzer  angle  is  set  parallel 
to  the  major  (minor)  axis  of  the  polarization  ellipse  there  will  be  maximum  (minimum) 
intensity  on  the  detector.  For  other  angles  there  will  be  an  intermediate  intensity. 
The  figure  below  shows  the  intensity  of  the  detector  signal  as  a  function  of  the 

detector  signal  as  a  function  of  analyzer 
angle  schematically  for  a  given  polarizer 
angle.  A] ,  A3  *  Ai  +  ir,  A5  *  A]  +  2n 
are  angles  parallel  to  the  major  axis 
of  the  ellipse  and  A2,  A4  *  A2  +  it, 
etc.  are  angles  parallel  to  the  minor 
axis  of  the  ellipse.  An  alternating 
current  through  the  modulator  will  rotate 
the  ellipse  back  and  forth  with  the 
modulation  frequency  by  an  angle  given 
by  ®max  5  v'*'Hmax»  where  V  is  the  Verdet 
constant  and  1  the  length  of  the  Faraday 
glass  cylinder.  Rotation  of  the  ellipse 
by  an  angle  e  has  the  same  effect  as 
rotating  the  analyzer  by  an  angle  -e. 

The  effect  of  rotating  the  analyzer 
can  readily  be  seen  from  the  figure. 

If  we  have  A  =  A3  for  e=0,  a  modulation 
with  a  frequency  u>  produces  an  intensity 
varying  with  a  frequency  2u>.  This  is  true  for  all  minima  and  maxima.  If,  however, 
we  have  A  *  A*  for  e  *  0,  the  detector  signal  intensity  will  vary  with  the  same 
frequency  as  the  modulating  current.  Thus  the  major  and  minor  axis  of  the  ellipse 
can  be  found  by  determining  the  analyzer  angle  A  for  which  the  500  Hz  component 
of  the  detector  signal  is  zero. 


The  detector  signal  Is  amplified  by  a  preamplifier,  an  ac-coupled  amplifier 
and  then  by  an  amplifier  with  automatic  gain  control;  500  Hz  frequency  Is  filtered 
out  from  the  signal  emerging  from  the  last-named  amplifier  and  the  remaining  signal 
with  the  "sample  and  hold"  and  the  "sample  and  hold  control"  produces  an  error 
signal  of  sign  such  as  to  bring  the  analyzer  back  to  the  position  for  which  the 
Intensity  Is  a  minimum  or  a  maximum.  It  will  be  noted  that  the  500  Hz  frequency 
components  are  phase-shifted  by  it  to  the  left  and  the  right  of  the  extremum. 

The  position  of  the  polarizer  and  the  analyzer  are  decoded  and  interfaced 
to  a  computer.  The  complete  revolution  of  the  polarizer  gives  us  the  analyzer 
angle  A  (for  which  the  500  Hz  component  is  zero)  as  a  function  of  the  polarizer 
angle  for  0  <  P  <  360°. 

The  function  A(P)  also  depends  the  ellipsometer  parameters  i|>  and  &. 


Method  of  Calculation  of  Parameters 


It  was  said  above  the  the  modulator  could  be  located  either  downstream  or 
upstream  of  the  sample.  The  mathematical  expressions  are 


U~.xa  =  x a  fin t p- 


for  the  former  case  and 


2P 


where  P  is  the  polarizer  angle  (angle  of  the  plane  of  polarization  of  the  polarizer 
with  respect  to  the  plane  of  incidence)  and  A  is  the  analyzer  angle.  Not  surpris¬ 
ingly  A  and  P  change  roles  depending  on  the  modulator  location.  These  is  an  advantage 
of  one  location  over  the  other  in  terms  of  sensitivity. 

By  continuously  rotating  the  polarizer  we  also  get  corresponding  analyzer 
m  m 

angles,  P.  and  A^.  The  decoders  and  counters  give  us  very  accurate  changes  of 

these  angles.  The  main  inaccuracy  (tenths  of  degree)  enters  by  assigning  a  definite 
absolute  value  to  the  first  analyzer  and  polarizer  angle.  Because  this  error  is 
constant,  we  assume  that  the  true  values  for  the  polarizer  and  analyzer  angle  are 
given  by 
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vv sp 
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There  true  values  should  fulfill  the  theoretically  derived  relation  between  A  and 
P,  so  that 

h^x{A?+ 

-feuSifs  —  -UJ-P 
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(A~  +AA)  =  ±h uT'  (2  j  ) 

The  unknown  aA,  aP,  tan  4>,  cos  a  are  now  determined  by  a  least  square  fit.  That 
means 

*•  *-  TOsy?'^'  — 

should  be  a  minimum  with  respect  to  aP,  aA,  tan  i|i,  cos  a.  With  o  =  2cosa  and 
6  =  tan<p 
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A  (A~*M)~  i--(* 


should  be  a  minimum  with  respect  to  a,  8.  aP,  aA.  With  the  definitions  for 

K  X  e~£L(FIT 


we  get  four  non-linear  equations 


&•  Z *  n  0 


If  equation  (2)  Is  satisfied,  the  first  part  of  equation  (3)  is  automatically 
zero.  We  can  also  get  rid  of  constant  multipliers  and  finally  get 


n  it  ,  *?*'■*' 


ZL 
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This  system  of  non-linear  equations  is  solved  by  Newton's  method  for  non-linear 
systems.  We  can  write  it  as 

£  (x)  -  0 

A*) 

where  x  -  /  a  /  where  are  the  four  functions  on  the  left  side  of  the  system 

(  aP/ 

of  equations.  £  (x)  *  0  will  be  true  for  the  correct  values  of  aA,  a,  b,  aP. 


If  we  start  with  some  value  x  in  the  neighborhood  of  the  correct  solution 
the  iteration 

—r~>/  \  c  /  Ui->)  ^ 
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converges  to  the  true  solution. 
x<k>  is  x  after  the  k ’th  i 
J  (x'  -  Jacobian  matrix 


2F,  2  F,  2F, 
2/5  Jap 
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evaluated  at  x  *  x 


F  (xv  1  is  the  left  side  of  the  system  of  equations  for  x  =  xK"  ,  in  general 

f  0.  “  ” 

The  Jacobian  matrix  is  found  by  differentiating  E  once  more 

dfi_  =  Sf,  _  g£ 

3  A4  3  M3  3<s  etc- 

If  an  analytic  expression  for  the  Jacobian  matrix  can  be  found,  J  and  £  can 
be  calculated.  To  find  = 

J~*  £  =  %  we  have  to  solve  the  linear  system 

J*  =  £ 


After  we  know  ^  we  can  calculate 


-1 


b 

and  repeat  the  above  until  £  (x  )  is  close  enough  to  0. 
This  calculation  provides  us  with 
aA,  a  =  2cosa,  6  *  tan<p,  aP. 

We  therefore  know  ±a  (or  a,  360-a)  and 

/  ( P" 

Note:  tan  tj;  >  0  [tan  P  -  >  0] 

r 

0  <  tamp  <°° 


0  <  <  90° 

also  a  =  Aj-j  -  Aj_is  not  restricted  (except  0  <  a  <  2w).  Because  our  experiment 

involves  only  cos  a,  we  cannot  determine  a  unambiguously.  One  measurement  will 
supply  two  a's. 

To  determine  a  unambiguously  would  have 
to  involve  a  measurement  of  sin  a.  We 
would  have  to  determine  whether  the 
light  is  partly  left  or  right-rotated 
in  its  polarization.  Calculation  shows 
that  the  fourth  component  of  the  Stokes 
vector  after  the  modulator  contains 


a  \ 


The  figure  below  shows  how  the  analyzer  angle  A  depends  on  P,  a,  and  1 1>.  It  will 
be  noted  that  for  increasing  polarizer  angle  the  analyzer  angle  decreases. 


The  analyzer  angle  A  is  45°  for 
P  *  ti>. 

Increasing  <//  leads  to  a  larger  A  for 
the  same  P. 


Increasing  A  leads  to  smaller  A  for 
P  <  1 1>  and  to  larger  A  for  P  >  #>. 

This  follows  from 


A 


Note  that  P  is  periodic  with  period  of  180° 
A  is  periockwith  period  of  90° 


A(P=0)  *  0  ±  n-90°  where  n  =  0,±1,±2, - 


A(P=90°)  -  0  +  n90° 

AO80-P)  ■  \  tan-1  (2COSA  ’ 


*  4  ‘A"'1  <*=°»  tan^-Sp  1  •  -A(p>  tn'90 

since  tan  (180-p)  =  -tan  P 


Therefore  it  is  sufficient  to  know  the  behavior  of  A(P)  for  0  <  P  <  90°. 
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Microscopic  Contour  Changes  of  Tribological  Surfaces  by 
Chemical  and  Mechanical  Action 

JAMES  L.  LAUER  and  SIMON  S.  FUNG 
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An  electronic  optical  lasn  interferometer  capable  of  resolving 
depth  differences  of  as  low  as  30  A  and  planar  displacements  of 
6000  A  was  constructed  for  the  examination  of  surface  profiles  of 
bearing  surf  aces  without  physical  contact.  This  instrument  was  used 
to  determine  topological  chemical  reactivity  by  applying  a  drop  of 
dilute  alcoholic  hydrochloric  acid  and  measuring  the  profile  of  the 
solid  surface  before  and  after  application  of  this  probe.  It  was  found 
dust  scuffed  bearing  surfaces  reacted  much  faster  than  virgin  ones 
but  that  bearing  surfaces  exposed  to  lubricants  containing  an  or¬ 
ganic  chloride  reacted  much  more  slowly.  In  a  separate  series  of 
experiments,  a  number  of  stainless  steel  plates  were  heated  in  a 
nitrogen  atmosphere  to  different  temperatures  and  their  reactivity 
examined  later  at  ambient  temperature.  The  change  of  surface 
contour  as  a  result  of  the  probe  reaction  was  found  to  follow  an 
Arrhenius-type  relation  with  respect  to  heal  treatment  temperature. 
This  result  could  have  implications  on  the  scuffing  mechanism. 

INTRODUCTION 

When  nonconforming  solid  surfaces  separated  by  a  lu¬ 
bricant  are  in  relative  motion  under  increasing  loads,  the 
bulk  temperature  gradually  increases  and  the  lubricant  film 
thickness  decreases.  At  some  point,  the  surfaces  will  begin 
to  interact  mechanically.  At  first,  the  peaks  of  the  highest 
asperities  will  be  reduced  and  the  surfaces  will  become 
smoother.  This  interaction  is  an  essential  part  of  normal 
"run-in.”  At  higher  loads,  scoring  occurs,  manifested  by 
grooves  and  ridges  in  the  surface  oriented  in  the  sliding 
direction.  At  still  higher  loads,  a  sudden  failure  may  occur, 
which  is  called  ”scuffing.”  The  scoring  and  scuffing  events 
are  often  coincident  and  many  authors  have  been  using 
these  terms  interchangeably. 

because  scuffing  is  likely  to  be  catastrophic  and  without 
warning,  measures  were  designed  to  postpone  it  or  avoid 
it.  Since  welding  of  the  contacting  surfaces  has  been  con- 
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sidered  an  essential  part  of  scuffing,  these  measures  usually 
entail  the  formation  of  interposed  layers.  For  example,  the 
use  of  extreme  pressure  (EP)  lubricant  additives  is  thought 
to  result  in  the  formation  of  renewable  coatings  of  metal 
sulfides,  chlorides,  or  phosphates  preventing  the  welding. 
A  durable  coating  of  the  surfaces  with  thin,  hard,  inert 
layers  could  also  avert  scuffing  for  the  same  reason  and 
could  work  even  without  a  lubricant — an  added  advantage 
under  severe  conditions,  when  the  lubricant  is  subject  to 
thermal  breakdown. 

Although  the  mechanism  of  scuffing  is  not  yet  fully 
understood,  a  temperature  criterion  is  commonly  postu¬ 
lated.  The  best  known  is  the  “total  temperature”  of  Block 
(/),  which  consists  of  the  bulk  temperature  of  the  metal 
parts  and  the  instantaneous  surface  temperature  rise  of  the 
surface  area  of  contact.  Others  correlated  scuffing  failure 
primarily  with  chemical  activity  which,  of  course,  is  itself 
strongly  influenced  by  temperature  [Goldman  (2)].  Implic¬ 
itly,  the  assumption  has  been  made  that  chemical  reaction 
would  take  place  primarily  above  the  characteristic  (“total") 
temperature  between  metal  and  lubricant  components.  Could 
it  be  that  portions  of  metal  surfaces  exposed  to  temperatures 
above  the  characteristic  temperature  are  inherently  more 
reactive  at  any  temperature? 

The  availability  of  an  optical  interferometer  capable  of 
resolving  depth  differences  as  low  as  30  A  and  planar  dis¬ 
placements  of  6000  A  provided  us  with  a  tool  for  attempting 
an  answer  to  this  question.  Since  vacuum  is  not  required, 
we  could  carry  out  probe  microreactions  on  neat  and  scuffed 
areas  and  compare  the  resulting  changes  of  surface  profile. 
We  could  examine  both  titanium-nitride-coated  and  un¬ 
coated  bearing  balls  before  and  after  use  in  this  way  and 
compare  the  results  with  subsequent  scanning  electron  pho¬ 
tomicrographs.  Dilute  alcoholic  hydrochloric  acid  served  as 
our  probe.  Metal  surfaces  heated  to  known  temperatures 
were  examined  for  reference.  The  results  point  to  changes 
caused  by  the  heat  treatment,  which  produced  chemical 
reactivity  changes  even  at  ambient  temperature  and  likely 
mechanisms  for  the  absence  of  scuffing  with  titanium  ni¬ 
tride-coated  balls. 
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AC  Interference  Microscope 

The  first  instrument  of  this  kind  was  originally  designed 
and  built  for  the  examination  of  optical  surfaces  and  ele¬ 
ments  by  Johnson.  Leiner,  and  Moore  (3)  at  the  Institute 
of  Optics  of  the  University  of  Rochester.  Professor  Moore 
helped  us  build  our  instrument  which  differs  from  his  only 
in  minor  details  relating  to  our  different  applications. 

Basically,  the  instrument  is  a  Twyman-Creen  interferom¬ 
eter  with  alternating  current  electronics,  which  is  capable 
of  a  phase  resolution  of  one  two-hundredth  of  the  wave¬ 
length  of  the  red  He/Ne  laser  line  (6328  A).  Surface  profiles 
can  thus  be  obtained  to  about  ±  30  A  without  physical 
contact.  Figure  I  is  a  schematic  drawing  of  the  instrument's 
optics.  Radiation  from  an  He/Ne  laser  is  split  by  a  beam¬ 
splitter;  part  of  the  radiation  continues  to  a  flat  mirror  os¬ 
cillated  by  a  piezoceramic  transducer  and  part  is  deflected 
to  the  sample  surface  by  way  of  a  microscope  objective.  The 
split  beams  are  reflected  back  to  the  beamsplitter,  recom¬ 
bined,  expanded  by  a  microscope  objective,  and  ultimately 
transferred  to  a  photoelectric  detector.  Two  scanning  mir¬ 
rors  can  be  turned  in  such  a  way  as  to  make  possible  scans 
parallel  to  the  x  and  y  directions  in  the  sample  plane.  Phase 
differences  between  the  two  beam  paths  generate  fringes 
in  the  detector  plane.  As  the  sample  surface  is  scanned,  the 
phase  difference  between  the  interferometer  beams  is 
changed  and  the  fringes  are  moved  over  the  detector  sur¬ 
face  proportionally,  as  determined  by  the  optics. 

The  sensitivity  of  the  instrument  derives  from  an  inge¬ 
nious  electronic  arrangement.  The  reference  mirror  is  os¬ 
cillated  piezoelectricallv  at  20  kHz.  Correspondingly,  the 
fringe  pattern  at  the  detector  surface  is  oscillated  with  the 
same  frequency  but  the  intensity  of  a  fringe  peak — or  valley — 
is  oscillated  at  twice  the  reference  mirror  frequency,  or  at 
40  kHz.  Intuitively,  this  arises  from  the  fact  that  the  peak 
or  valley  intensity  or  the  corresponding  photoelectric  poten¬ 
tial  can  change  in  one  direction  only— downward  for  the 
peak  and  upward  for  the  valley — while  the  radiation  inten¬ 
sity  anywhere  else  can  become  stronger  or  weaker.  It  is  thus 
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possible  to  “lock-in"  on  a  peak  at  the  40  kHz  frequency. 
The  mean  potential  (halfway  between  peak  and  valley)  or 
d.c.  potential  will  follow  the  locked-in  fringe  and  become  a 
measure  of  the  phase  change  as  the  sample  surface  is  scanned. 

At  the  present  stage  of  the  instrument,  scanning  is  done 
nonlinearly,  by  varying  the  angle  of  the  recombined  beam 
with  respect  to  the  optic  axis  of  the  microscope  objective 
facing  the  sample.  For  small  excursions  of  the  scanning 
mirror,  the  departure  of  a  scan  from  linearity  is  small. 
The  surface  profile  of  Fig.  2,  obtained  with  an  inexpensive 
reflection-type  diffraction  grating,  is  an  example.  The  dis¬ 
tance  between  the  first  and  second  peaks  is  about  10  percent 
greater  than  that  between  the  second  and  third  peaks.  Cor¬ 
rection  to  linearity  is,  of  course,  possible.  The  intensity  of 
the  peaks  of  Fig.  2  is  seen  to  fall  off  toward  the  right.  The 
reason  is  the  lack  of  planarity  of  the  objective  lens  when 
used  off-axis.  Beyond  a  distance  of  2.5  |im  from  an  arbitrary 
chosen  position,  the  scanning  optics  are  evidently  out  of  the 
field  of  view.  The  intensity  of  the  peak  at  3.0  pm  is  much 
less  than  that  of  the  other  peaks.  As  the  grating  was  blazed, 
the  slope  to  the  left  of  every  peak  is  expected  to  be  shorter 
and  steeper  than  that  of  the  slope  to  the  right.  The  angles 
are  also  about  correct.  The  reason  for  the  gentleness  of  the 
peaks  and  valleys,  where  sharp  corners  are  expected,  is  the 
horizontal  resolution  limit  of  the  objective  lens  in  conjunc¬ 
tion  with  the  interferometer  optics.  We  are  confident  that 
a  good  part  of  these  limitations  will  be  removed  by  digital 
image  analysis. 

Distance  calibration  of  the  instrument  is  simple.  In  the 
horizontal  plane,  the  distances  of  successive  peaks  of  a  re¬ 
flection  grating  provide  the  required  information  (Fig.  2). 
Depth  calibration  is  done  very  accurately  by  the  phase  jump 
in  the  detector  plane.  The  separation  between  two  succes¬ 
sive  interference  fringes  corresponds  to  a  phase  difference 
of  2tr  between  the  sample  and  reference  beams.  In  air, 
because  of  the  phase  reversal  on  reflection  by  the  sample 
surface,  this  separation  of  fringes  corresponds  to  a  change 
in  depth  of  sample  surface  profile  of  half  a  wavelength  of 
the  laser  light  (6328  A)  or  3164  A  in  our  case.  In  terms 
of  the  electric  recorder  output  potential,  this  geometrical 
change  corresponds  to  10  volts.  Any  voltage  changes  are 
directly  proportional  to  the  phase  changes  and.  therefore, 
to  the  changes  of  depth  and  the  conversion  can  be  carried 
out  in  terms  of  the  316.4  A/volt  relation. 
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Fig.  2— Profit*  of  a  12  linwmm  diffraction  grating 
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Ball/Plate  Sliding  Contact 

The  experimental  setups  used  to  obtain  scuffing  or  scor¬ 
ing  were  the  same  we  described  in  an  earlier  publication 
(4).  They  were  ball/plate  sliding  EHD  contacts  in  which  a 
bearing  ball  of  2.25-inch  diameter  was  turned  by  a  hori¬ 
zontal  shaft  either  on  top  of  a  diamond  window  (the  plate), 
in  the  bottom  of  a  cup  containing  the  test  fluid,  or  under¬ 
neath  a  sapphire  window  (the  plate).  In  either  case,  the  ball 
was  loaded  from  the  top.  The  former  setup  was  used  pri¬ 
marily  as  part  of  our  infrared  analysis  of  the  fluid  under 
EHD  conditions;  the  contact  was  always  flooded.  The  latter 
setup  would  be  used  for  EHD  film  thickness  and  traction 
measurements  and  would  obtain  the  lubricant  by  a  wetting 
and  dragging  mechanism.  Here,  too,  conditions  were  such 
that  starvation  was  excluded. 

These  contacts  were  operated  for  periods  of  about  100 
hours  under  varying  loads  and  speeds.  Scuffing. occurred 
only  with  uncoated  steel  balls. 

MATERIALS 

The  bearing  balls  were  of  2.25-inch  diameter  and  made 
of  440  C  stainless  steel.  Some  of  them  were  coated  with 
titanium  nitride  by  chemical  vapor  deposition  (CVD  method) 
to  a  uniform  thickness  of  about  4  tun,  as  described  by  Hin- 
terman  and  Boving  (5).  The  smoothness  of  all  the  ball  sur¬ 
faces  was  about  0.01  n-m  initially  (mean  peak  height),  as 
determined  with  our  optical  profilometer.  Since  the  lubri¬ 
cant  film  thickness  in  the  EHD  contact  under  the  heaviest 
load  and  at  the  smallest  continuously  maintained  shear  rate 
was  at  least  0.5  jcm  as  determined  earlier  (4),  direct  asper¬ 
ities  interaction  could  only  occur  when  the  sliding  speed 
was  gradually  reduced  to  zero. 

The  balls  were  run  with  polyphenyl  ether  fluid  (5P4E) 
either  pure  or  containing  1  percent  by  volume  of  1,1,2- 
trichloroethane.  Both  of  these  fluids  were  also  referred  to 
in  the  same  earlier  publication  (4). 

Before  use  in  the  experiments  discussed  below,  the  balls 
were  cleaned  with  acetone  and  mounted  in  a  holder  specially 
constructed  for  the  interference  microscope. 

The  stainless  steel  reference  plates  were  of  smoothness 
similar  to  that  of  the  balls.  They  were  made  of  polished 
No.  304  stainless  steel  and  were  1"  x  1"  x  Vie”  in  size. 

The  probe  solution  was  0.04  M  hydrochloric  acid  in  ab¬ 
solute  ethyl  alcohol. 


EXPERIMENTAL  PROCEDURES 


Heating  of  the  Teat  Plates 

The  test  plates  were  sandwiched  in  a  holder  between  half¬ 
inch  thick  asbestos  plates  containing  a  three-quarter-inch- 
diameter  hole  in  the  center.  Two  pieces  of  a  material  melt¬ 
ing  or  changing  color  at  known  temperatures  were  clamped 
onto  top  side  of  the  sample,  allowing  temperature  moni¬ 
toring  during  heating.  The  two  temperature  indicators  were 
selected  in  such  a  way  that  the  maximum  heating  temper¬ 
ature  was  bracketed  between  them;  in  other  words,  heating 
would  be  slopped  when  either  of  them  melted  or  changed 
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Heating  was  accomplished  rapidly  (at  220  K/s)  with  the 
hot  gases  just  above  the  tip  of  an  acetylene  flame  directed 
at  the  lower  side  of  the  plates.  At  the  same  time  and  for  a 
considerable  time  thereafter,  nitrogen  gas  was  blown  over 
the  top  side  of  the  plate  to  reduce  or  prevent  oxidation 
(cooling  rate:  100  K/s).  Oxidation  could  never  be  entirely 
prevented  because  vacuum  was  not  used  to  remove  ab¬ 
sorbed  gas.  On  the  other  hand,  one  of  the  purposes  of  this 
work  was  the  simulation  of  realistic  field  conditions,  in  which 
oxide  films  are  never  absent. 

Preparation  of  the  Ball  Samples 

The  balls  were  taken  from  the  rigs  after  many  hours  of 
operation  on  polyphenyl  ether  with  and  without  1  percent 
of  1,1,2-trichloroethane.  The  steel  balls  without  titanium 
nitride  would  have  failed  by  scuffing. 

The  balls  were  cleaned  with  acetone,  soaked  in  absolute 
alcohol  overnight,  rinsed,  and  placed  in  a  vacuum  desiccator 
to  remove  the  absorbed  alcohol.  The  principal  purpose  of 
applying  the  vacuum  was  to  avoid  the  destruction  of  the 
filament  in  the  scanning  electron  microscope. 

Examinations  of  Ball  Surfaces  Run  in  Polyphenyl  Ether 
with  the  Interferometric  Microscope 

Since  the  score  or  scuff  marks  on  the  balls  were  typically 
100  p.m  in  diameter,  we  found  it  useful  to  work  with  two 
different  microscope  objectives,  10X  and  40X,  the  former 
enabling  us  to  overlap  the  mark  and  the  latter  to  look  inside 
of  it.  Still  higher  magnification  could  have  given  us  better 
lateral  resolution  but  the  short  working  distance  would  have 


Fig.  Surface  profiles  of  a  italnlaaa  steel  bearing  ball  scuffed  In 
polyphenyl  ether,  before  and  after  a  teat  probe  of  0.04  M  alcoholic  hy¬ 
drochloric  acid  was  applied.  The  top  tracea  were  taken  outside  the 
ecutf  mark  and  the  bottom  tracea  were  taken  Inside  the  scuff  mark.  (In 
order  to  avoid  overlap,  the  tracee  taken  attar  the  acid  treatment  ware 


set  off.) 
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made  the  application  of  the  test  fluid  (0.04  M  alcoholic 
hydrochloric  acid)  very  difficult. 

Figure  3  shows  two  of  an  area  of  such  a  used  steel  bearing 
ball,  which  includes  parts  within  and  without  the  scuff  mark. 
A  drop  (0.05  ml)  of  test  fluid  was  applied  from  a  measuring 
syringe,  care  being  taken  not  to  move  the  ball-microscope 
alignment  in  any  way.  For  this  work,  the  ball  was  rigidly 
mounted  on  a  holder,  which  itself  was  rigidly  atuched  to 
the  microscope  frame,  so  that  the  entire  system  would  vi¬ 
brate  as  one  unit.  The  drop  would  evaporate  rapidly,  and 
then  another  profile  was  recorded.  As  can  be  seen  from 
Fig.  3,  the  changes  outside  the  scuff  mark  were  much  smaller 
than  the  changes  inside  the  scuff  mark  and,  in  either  case, 
most  of  the  profile  was  lowered  by  the  test  reaction. 

In  another  instance,  the  difference  of  reaction  inside  and 
outside  the  scuff  mark  was  even  more  drastic.  Figure  4 
presents  a  clear  indication  that  changes  of  profiles  can  be 
both  upwards  and  downwards.  There  can  be  no  doubt  that 
the  changes  produced  by  the  test  probe  within  the  scuff 
mark  were  much  greater. 

Figure  5  represents  the  effects  outside  of  the  scuff  mark 
of  two  successive  probes  on  stainless  steel  bearing  ball  run 
to  scuffing  on  polyphyenyl  ether.  The  reactivity  was  much 
greater  for  the  second  treatment  than  for  the  first.  The  first 
treatment  might  have  attacked  the  oxide  layer,  the  second 
the  metal  itself. 

Examinations  of  Ball  Surfacaa  Run  In  Polyphenyl  Ether 
Containing  1  percent  of  1 ,1 ,2-trlchloroethane  (TCE) 
with  the  Interferometric  Microscope 

Figure  6  shows  the  profiles  obtained  with  a  bearing  ball 
within  and  without  the  scuff  mark,  then  the  polyphenyl 
ether  (5P4E)  lubricant  contained  I  percent  of  1,1,2-tri- 
chloroethane  (TCE).  As  can  be  seen,  the  differences  of  pro¬ 
file  produced  by  the  probe  treatment  were  minimal  in  each 
case,  although  the  changes  within  the  track  were  a  little  bit 
more  evident. 

Examinations  of  Tltanium-nltride-coated  Bearing  Ball 
Run  in  Polyphenyl  Ether  with  or  without  1,1,2- 
trichloroe thane  (TCE)  with  the  Interferometric 
Microscope 

In  this  case,  scuffing  did  not  occur.  The  profiles  outside 
the  barely  visible  score  mark  did  not  change  at  all  on  probe 
treatment,  but,  with  TCE  and  within  the  score,  continuous 
changes  occurred.  It  turned  out  to  be  impossible  to  get 
reproducible  profiles  under  these  conditions.  For  these  rea¬ 
sons,  we  assumed  that  cracks  in  the  coating  had  occurred. 
The  following  section  shows  a  confirmation  of  this  hypoth¬ 
esis  by  photographs  taken  under  the  scanning  electron  mi¬ 
croscope. 

Scanning  Electron  Photomicrographs  of  Wear  Surfaces 

Perhaps  the  most  interesting  of  these  photos  is  Fig.  7, 
taken  within  and  without  the  barely  noticeable  score  mark 
of  a  TiN-coated  ball.  The  light  areas  represent  TiN  coatings. 
The  ladder-type  structure  within  the  score  mark  is  very 
interesting  and  will  be  discussed  later.  The  picture  taken 
off  the  track  shows  the  porosity  of  the  TiN  coating. 
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Rfl.  4—  Surface  profiles  ot  another  stainless  steel  bearing  ball  scutted 
In  polyphenyl  ether,  before  and  after  a  test  probe  of  0.04  M  alcoholic 
hydrochloric  add  was  applied.  The  top  trace*  were  taken  Inside  the  scuff 
mark.  (In  order  to  avoid  overlap,  the  traces  taken  after  the  acid  treatment 
were  aet  off.) 


Fig.  5—  Series  of  profiles  of  the  bearing  ball  of  Fig.  4  taken  outside  of 
the  scuff  mark.  Two  successive  probe  treatments  were  given.  (Profiles 
were  set  off  to  avoid  overlap.) 

The  electron  photomicrographs  of  the  bare  ball  after  use 
with  polyphenyl  ether  are  also  interesting.  Without  TCE. 
the  wear  track  shows  streaks  and  some  of  the  characteristic- 
scuff  marks  (Fig.  8(a)).  When  TCE  was  present,  however, 
round  specks  occur  with  high  concentration  in  the  track  of 
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pufridp  frock  (wljh  TCE  additive) 


Fig.  •— Surface  pcofllM  of  ■  different  stalntaM  stool  bearing  ball  scuffed 
In  polyphony!  other  containing  i  percent  of  1,f  ,2-trlcMoroethane.  The  top 
traces  were  taken  outside  the  scuff  mark,  whereas  the  bottom  traces 
were  taken  Inside  the  scuff  mark.  (The  traces  recorded  after  the  acid 
treatment  were  set  off  to  avoid  overlap.) 


Fig.  7— MM  of  TIN-coated  ball  taken  (a)  within  the  score  mark,  note 
ladder-like  porous  structure,  (b)  outside  the  score  mark,  note  porous 
structure.  The  lubricant  was  poiyphenylether  (5P4E)  with  1  percent  of 
1,1,2-trlchloroethane. 

highest  wear  (Fig.  8(b)).  Outside  the  wear  track,  these  specks 
were  essentially  absent. 

Profiles  of  Heated  Plates  Before  and  After  Reaction 
with  0.04M  Alcohol  Hydrochloric  Acid 

To  answer  the  question  whether  the  heating  above  a  "to¬ 
tal"  temperature  would  change  the  reactivity,  we  applied 
the  same  alcoholic  hydrochloric  acid  probe  we  used  for  the 
scuffed  balls  to  heated  steel  specimens.  The  probe  was,  of 
course,  applied  at  room  temperature.  Figure  9  shows  such 
profiles  before  and  after  treatment,  when  the  plate  was 
heated  to  204*C  and  to  774*C.  In  the  former  case,  the  changes 
in  contour  were  small:  in  the  latter  case,  rather  large. 


Fig.  8— 8EM  of  440C-ttMl  bolt  run  on  (a)  polyphenyl  athar  to  scuffing. 
Nota  wear  track  with  characteristic  scuff  marks,  (b)  potyphanyl  athar 
containing  1  percent  of  1 ,1 ,2-trtchloroethane.  Nota  the  round  specks. 


specimen 


Fig.  #— Change  of  surface  profile  after  treatment  with  alcoholic  hydro¬ 
chloric  add  of  a  stain  leas  steel  specimen  heated  to  (a)  204*C,  and  (b) 
774'C. 

The  heating  was  carried  out  as  described  previously.  This 
"tempering”  may  have  changed  the  microstructure  of  the 
steel  and  probably  did  so  even  though  the  metallurgical^- 
prescribed  procedure  was  not  followed.  The  resulting  change 
of  chemical  reactivity  is  a  point  stressed  in  this  paper. 

Figure  10  is  an  Arrhenius-type  plot  of  contour  changes 
(the  shaded  areas  of  Fig.  9,  for  example)  against  temper¬ 
ature.  The  discrepancies  from  an  average  straight  line,  con¬ 
sidering  the  relative  crudeness  of  the  method,  are  not  great. 

DISCUSSION 

The  results  of  our  experiments  can  be  summarized  as 
follows: 
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Fig.  1 0 — Antwn  lu»-ty  p*  plot  of  surface  profits  change  of  stainless  steel 
specimens  heated  to  different  temperatures.  Relative  surface  change 
after  add  treatment  of  S.S.  (304)  specimens  heated  to  dlffarant  temp. 

1.  Scuffed  steel  bearing  surfaces  are  more  reactive  to* 
ward  alcoholic  hydrochloride  acid  than  virgin  surfaces. 

2.  Scuffed  bearing  surfaces  originally  used  on  a  lubricant 
containing  a  small  concentration  of  an  organic  chlo¬ 
ride  are  much  less  reactive  toward  alcoholic  hydro¬ 
chloric  acid  than  surfaces  that  had  become  scuffed 
with  the  undiluted  lubricant. 

3.  Titanium-nitride-coated  steel  bearing  surfaces  did  not 
scuff  under  conditions  where  the  uncoated  surfaces 
did.  They  did  show  track  marks,  however.  Further¬ 
more  the  coating  proved  to  be  porous  in  general  and 
exhibited  a  ladder-type  structure  on  the  track  marks 
when  run  with  polyphenyl  ether  containing  1  percent 
of  1,1.2-trichloroethane.  When  run  without  the  chlo¬ 
ride,  the  surface  on  the  track  marks  was  not  changed 
but  was  just  as  porous  as  the  virgin  surfaces. 

4.  Uncoated  steel  bearing  surfaces  scuffed  with  poly¬ 
phenyl  ether  lubricant  containing  1 , 1 ,2-trichloroe- 
thane  showed  a  high  concentration  of  round  specks 
in  the  track  but  only  few  such  specks  outside  of  it.  No 
specks  at  all  were  shown  when  the  chloride  was  absent. 
These  specks  are  presumably  metal  chloride. 

5.  The  reactivity  of  heated  metal  surfaces  toward  alco¬ 
holic  hydrochloric  acid  at  ambient  temperature  follows 
an  Arrhenius-type  relation  with  temperature.  Point  5 
would  seem  to  indicate  that  a  bearing  surface  heated 
at  any  one  time  to  a  high  temperature,  e  g.  by  direct 
contact,  could  become  much  more  reactive  and  there¬ 
fore  prone  to  scuffing  at  a  later  time. 

The  Arrhenius  plot  of  Fig.  10  would  seem  to  be  the  result 
of  a  lasting  change  of  the  metal  surface  by  its  reheating  or 
tempering.  Perhaps  the  so-called  "chemostress"  coefficient 
defined  by  Ciftan  and  Saibet  </)  plays  a  role.  These  authors 
have  shown  a  change  of  chemical  potential  of  an  adsorbate 
with  stress  in  the  substrate.  The  chemical  potential  expresses 
the  change  of  free  energy  with  concentration  of  a  chemical 
constituent  and  the  free  enertty  change  AC  for  a  reaction 
is  related  to  the  equilibrium  constant  K.  Therefore,  the  ratio 
of  a  product  of  product  concentrations  to  that  of  reactant 
concentrations,  bv  the  well-known  thermodynamic  relation 


K  -  exp  (AC/flT) 

an  Arrhenius  relation  between  a  product  of  reaction  (e.g. 
surface  profile  change)  and  the  absolute  temperature  can 
be  derived  by  thermodynamic  and  continuum  mechanics 
alone.  However,  the  heterogeneity  of  the  metal  surface  could 
be  the  basis  of  a  kinetic  explanation:  The  tempering  changes 
the  surface  composition  logarithmically  with  temperature 
because  it  is  diffusion-controlled  and  the  chemical  reaction 
rate  depends  on  the  number  of  reaction  sites  thereby  cre¬ 
ated.  This  argument  would  equally  lead  to  an  Arrhenius 
relation. 

Both  of  these  explanations  could  be  valid  simultaneously, 
but  the  latter  seems  to  be  more  important  on  the  basis  of 
chemical  and  especially  electrochemical  experience.  Their 
relative  importance  will  be  determined  by  repeating  the 
experiments  with  pure  solid  surfaces. 

It  was  important  to  note  that  titanium-coated  balls  barely 
scuffed  under  our  conditions.  Yet,  when  1,1,2-trichloroe- 
thane  was  present  in  the  lubricant,  the  rather  remarkable 
(adder-type  structure  appeared.  The  crests  at  right  angles 
to  the  direction  of  ball  motion  could  have  been  formed  in 
a  manner  similar  to  the  Well-known  washboard  effect  on 
highway  surfaces.  In  both  cases,  a  liquid  was  able  to  creep 
below  the  surface  as  our  measurements  with  the  interfer¬ 
ence  microscope  indicated  and  which  were  confirmed  by 
the  scanning  electron  microscope.  The  same  theory  seems 
to  be  applicable  in  both  cases.  Work  along  these  lines  is  in 
progress. 

The  reason  for  the  increased  metal  surface  reactivity  as 
a  result  of  heating  to  high  temperatures  could  be  a  change 
of  metal  structure,  a  phase  change,  or  a  migration  of  im¬ 
purities.  Such  phenomena  are  well-known  to  corrosion  en¬ 
gineers  (6). 
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DISCUSSION 

HEIHACHIRO  OKABE  (Mamber,  ASLE) 

Tokyo  Institute  of  Technology 
Tokyo,  Japan 

The  authors  have  provided  a  very  useful  tool,  especially 
in  studying  oil  film  behavior  under  EHD  lubrication.  The 
method  shown  in  this  paper  would  give  us  predictive  tech¬ 
niques  in  a  new  framework  of  surface  topography  relating 
to  contact  initiation  in  EHD  lubrication. 

The  discusser  is  interested  in  knowing  the  chemical  reac¬ 
tivity  change  before  the  scuffing  occurs. 

Asperities  on  rubbing  surfaces  are  actually  under  periodic 
heating.  The  authors  suggest  that  we  could  obtain  infor¬ 
mation  of  topographical  and  chemical  changes  of  the  sur¬ 
faces  in  a  process  leading  the  rubbing  surfaces  to  the  scuff¬ 
ing.  If  the  authors'  method  could  detect  such  a  change  of 
the  surface  before  scuffing  occurs,  it  would  be  very  useful 
for  considering  additive  formulations  bearable  for  long  run¬ 
ning  operation. 

Did  the  authors  try  to  detect  the  reactivity  change  of  the 
surface  before  the  scuffing? 

DISCUSSION 

E.  RABINOWICZ  (Follow,  ASLE) 

Massachusetts  Institute  of  Technology 
Cambridge,  Massachusetts  02139 

Papers  describing  a  new  technique  are  usually  of  consid¬ 
erable  interest,  and  this  one  proves  to  be  no  exception.  It 
is  obviously  of  great  value  to  have  available  a  technique  for 
studying  small  surface  profile  changes,  but  it  is  not  clear  to 
me  whether  with  the  new  technique  the  surface  being  ex¬ 
amined  can  be  taken  out  of  the  microscope  while  its  profile 
is  being  changed. 

I  have  a  number  of  specific  comments. 

a)  Was  the  time  interval  between  the  scuffing  tests  and 
the  acid  treatment  tests  controlled?  In  studies  we  have  car¬ 
ried  out  using  exoelectron  techniques,  the  reactivities  of 
metal  surfaces  varied  drastically  with  the  time  that  had  elapsed 
since  these  surfaces  were  produced. 

b)  To  what  do  the  authors  attribute  the  growth  of  surfaces 
(Figs.  3  and  4)  during  acid  treatment? 

c)  Typical  Arrhenius-type  processes  have  activation  ener¬ 
gies  such  that  the  rate  of  reaction  doubles  for  every  10°C 
increase  in  temperature.  In  the  Arrhenius  plot  of  Fig.  10. 
the  rate  doubles  for  every  150’C  increase  in  temperature, 
giving  an  improbably  low  activation  energy  value. 
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AUTHORS’  CLOSURE 

An  objective  of  our  work  has  been  to  find  a  change  in 
bearing  surface  reactivity  before  scuffing.  Having  found  a 
large  change  after  scuffing  makes  our  success  more  likely. 
Our  reason  for  starting  the  way  we  did  was  the  destructive 
nature  of  the  test;  once  a  bearing  surface  has  been  removed 
from  an  operating  bearing  for  testing,  it  cannot  be  put  back 
again  and  it  has  been  difficult  to  prepare  exactly  equal  sur¬ 
faces  for  tests  of  different  lengths.  However,  this  work  is 
in  progress  both  with  our  present  reactivity  test  procedure 
and  with  others  which  are  potentially  nondestructive.  Un¬ 
fortunately,  as  our  work  has  shown,  no  measure  of  surface 
contour  is  by  itself  sufficient  to  predict  chemical  reactivity. 
We  hope  these  comments  will  have  answered  Professor 
Okabe's  questions. 

The  destructive  nature  of  our  test  may  also  provide  a 
partial  answer  to  Professor  Rabinowicz’s  comment.  We  can¬ 
not.  at  this  time,  control  the  time  between  scuffing  and  our 
test  procedure,  since  the  bearing  must  be  taken  apart  for 
our  test.  Our  results  from  both  the  reported  and  other  data 
lead  us  to  believe  that  the  time  interval  is  essentially  infinite 
with  respect  to  reactivity  change.  Therefore,  the  differences 
in  reactivity  between  scuffed  and  unscuffed  pans  of  the 
bearing  surface  can  be  considered  permanent. 

-  -The  “growth”  of  the  surfaces  during  acid  treatment  (Figs. 
3  and  4)  does  not  necessarily  mean  only  the  addition  of 
volume.  Since  a  new  surface  composition  is  likely  to  have 
optical  properties  different  from  the  previous  ones,  the  phase 
on  reflection  is  now  different.  The  surface  profiles  mea¬ 
sured  with  our  interference  microscope  are  really  phase 
profiles  and  not  material  profiles  such  as  those  measured 
by  a  stylus.  A  phase  change  can,  therefore,  look  like  “growth” 
even  when  none  occurred.  For  this  reason,  we  avoided  stat¬ 
ing  an  activation  energy  calculated  from  our  data  of  Fig. 
10.  Since  the  optical  constants  of  the  new  surface  were  un¬ 
known  to  us  at  the  time,  we  were  not  concerned  that  the 
“apparent”  activation  energy  we  had  calculated  came  out 
to  be  chemically  nonsensical.  We  have  been  careful  to  refer 
to  observed  profile  changes  only  without  giving  them  a  ma¬ 
terial  meaning.  However,  we  will  soon  be  able  to  measure 
the  phase  changes  independently  by  ellipsometry  and  ob¬ 
tain  “proper"  activation  energies. 
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Deposits  laid  down  in  patches  on  metal  strips  in  a  high  pressure/high  temperature  fuel  system 
simulator  operated  with  aerated  fuel  at  varying  flow  rates  were  analyzed  by  emission  FTIR  in 
terms  of  functional  groups.  Significant  differences  were  found  in  the  spectra  and  amounts  of 
deposits  derived  from  fuels  to  which  small  concentrations  of  oxygen-,  nitrogen-,  or  sulfur-contain- 
ning  heterocyclic*  or  metal  naphthenates  had  been  added.  The  spectra  of  deposits  generated  on 
strips  by  heating  fuels  and  air  in  a  closed  container  were  very  different  from  those  of  the  flowing 
fluid  deposits.  One  such  closed-container  dodecane  deposit  on  silver  gave  a  strong  surface-en¬ 
hanced  Raman  spectrum. 


1.  Introduction 

Aircraft  fuels  containing  oxygen  often  have  a  tendency  to  form  hard,  sticky, 
carbonaceous  and  generally  insoluble  deposits  on  contacting  surfaces  at  elevated 
temperatures.  Small  concentrations  of  nonhydrocarbons,  such  as  nitrogen-  and 
sulfur-containing  materials,  often  enhance  the  deposit-forming  tendency.  In 
aircraft  gas  turbine  engines  these  deposits  may  clog  critical  passages  in  valves 
and  nozzles  and  decrease  heat  transfer  efficiency  through  heat  exchanger 
surfaces.  These  problems  may  increase  in  newer  engines  due  to  the  higher 
temperatures  and  longer  residence  times  expected  with  higher  compression 
ratios  and  staged  fuel  injection.  Future  fuels  are  likely  to  be  richer  in  aromatics 
and  nonhydrocarbons  than  present  ones  and  therefore  likely  to  aggravate  the 
deposit  problems  even  more. 

Clearly  there  is  a  need  for  the  testing  of  fuels  for  their  deposit-forming 
tendencies.  In  the  longer  run,  however,  an  understanding  of  the  mechanisms 
leading  to  deposit  formation  must  be  developed  so  that  future  fuels  and 
engines  can  be  designed  to  minimize  deposit  problems.  Most  of  the  testing  is 
done  today  with  small  flow  systems  allowing  for  fuel  and  surface  heating  and 
the  injection  of  controlled  amounts  of  air  or  oxygen  into  the  flowing  test  fuel. 
These  JFTOT  systems  (Jet  Fuel  Thermal  Oxidation  Testers)  typically  use  0.3 
cm  diameter  stainless  steel  or  aluminum  tubes,  about  13  cm  long,  for  deposit 
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collection  on  their  outer  surface.  These  tubes  are  located  in  -the  stream  of  test 
fuel  and  are  heated  by  the  passage  of  electric  current.  A  thermocouple  in  the 
center  of  their  hollow  interior  records  an  average  temperature,  but  this  method 
of  heating  practically  insures  a  temperature  gradient  along  the  tube  axis. 
Furthermore,  the  large  curvature  of  the  mantle  surface  on  which  fuel  deposits 
are  formed,  is  very  inconvenient  for  most  methods  of  nondestructive  chemical 
analysis.  A  superior  device  for  deposit  collection  was  therefore  constructed  at 
NASA-Lewis,  where  the  surfaces  are  flat  and  removable  strips  of  metal 
(shims)  and  of  relatively  large  size  (about  2  cm2),  yet  small  enough  compared 
to  the  overall  flow  system  to  ensure  uniform  surface  temperature. 

For  the  study  reported  here  both  these  shim  deposits  and  deposits  formed  in 
our  own  laboratory  on  similar  shims  in  a  small  corrosion  test  bomb  under 
stationary  conditions  were  used.  The  fuels  for  this  study  were  selected  to  be 
typical  of  actual  ones.  They  were  used  either  neat  or  containing  small  con¬ 
centrations  of  simple  molecules  representative  of  typical  nonhydrocarbon 
contaminants.  Not  unexpectedly  the  deposits  formed  under  stationary  condi¬ 
tions  were  different  from  those  formed  under  flow  because  of  the  difference  in 
precursor  or  intermediate  species  availability.  However,  the  former  deposits 
were  found  to  be  different  also  when  shims  of  different  metals  were  simulta¬ 
neously  used  and  thus  provided  a  simple  -  and  inexpensive  -  procedure  for 
evaluating  substrates.  Deposit  formation  from  liquid  fuels  depends  very  strongly 
on  the  nature  of  the  solid  boundary  surfaces. 

In  view  of  the  complexity  of  the  process  and  the  very  small  quantities  of 
deposits  formed  in  reasonable  test  times,  say  a  few  hours,  it  is  not  surprising 
that  the  standard  deposit  evaluating  procedure  today  is  still  visual  comparison 
of  the  deposit  color  with  those  on  a  standard  color  chart.  A  JFTOT  “Tube 
Deposit  Rater”  (TDR)  by  which  the  reflected  color  is  compared,  has  also  been 
used.  Unfortunately  the  “color  number”  so  found  does  not  provide  much 
information  of  a  chemical  nature  and  therefore  tells  us  little  or  nothing  about 
the  nature  or  mechanism  of  deposit  formation.  The  procedure  used  in  this 
study  was  Fourier  infrared  emission  microspectrophotometry  (FIEMS),  which 
is  extremely  sensitive  and  very  powerful  for  the  solution  of  problems  in 
molecular  and  crystalline  structure.  Preliminary  studies  of  aircraft  fuel  deposits 
by  FIEMS  were  reported  previously  [1]  so  that  the  apparatus  and  its  capabili¬ 
ties  need  only  a  brief  description.  The  results  of  the  flow  experiments  showed 
that  both  the  quantity  and  the  nature  of  the  deposits  are  altered  with  change  of 
fuel  composition  and  to  some  extent,  change  of  nonhydrocarbon  additive 
(“spike”).  A  strong  influence  of  the  substrate  was  shown  in  the  bomb  experi¬ 
ments. 

In  one  instance,  surface-enhanced  Raman  spectroscopy  (SERS)  was  used  to 
analyze  a  bomb  deposit  formed  from  dodecane  on  a  silver  surface.  Because  it  is 
the  first  application  of  SERS  to  a  “real"  material,  the  very  respectable 
spectrum  is  communicated  here  also. 
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2.  Experimental 

2.1.  Apparatus  and  experimental  conditions  of  deposit  collection 

Fig.  1  is  a  photograph  of  the  Modified  JFTOT  Flat  Sample  Rig  (MJFSR). 
For  this  work  it  is  important  to  note  that  the  test  specimens  (shims)  had  a 
rectangular  area  of  10  X  20  mm  exposed  to  the  flowing  fuel.  Since  the  deposit 
weights  varied  between  0.02  and  0.2  mg  (fig.  9)  and  their  density  was  estimated 
as  dose  to  unity  (between  polyolefins  and  phenolic  resins),  thicknesses  of  1000 
A  to  1  fim  could  be  estimated.  These  values  are  similar  to  our  previously 
estimated  values  of  1000  A,  which  were  arrived  at  by  scanning  electron 
microscopy  (SEM)  [1].  Since  these  weights  were  obtained  by  differential 
weighings  and  represent  small  differences  between  relatively  large  numbers, 
their  accuracy  is  not  high.  The  higher  weights  were  usually  observed  when 
naphthenates  had  been  added  to  the  fuels.  These  materials  are  surfactants  and 
caused  deposits  to  be  formed  on  both  sides  of  the  shims. 

The  conditions  of  the  MJFSR  runs  were:  test  duration  near  120  min  and 
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run  temperature  near  250°C.  These  values  were  deduced  by  interpolations  and 
small  extrapolations  from  peripheral  measurements  and  were  achieved  and 
maintained  to  better  than  one  percent  ( ±  196). 

Work  is  now  in  progress  to  determine  deposit  thicknesses  by  ellipsometry. 

For  the  stationary  experiments  in  our  laboratory  a  standard  500  ml  stainless 
steel  corrosion  bomb  was  used.  It  was  provided  with  inert  (silicone  or  Viton) 
gaskets,  filled  with  10  ml  of  hydrocarbon  test  fluid;  several  shims  were 
inserted,  and  then  heated  to  250°C  for  3  h.  Therefore  the  hydrocarbon  was  in 
large  excess  over  the  oxygen  and  complete  combustion  was  excluded,  an 
analogy  to  the  situation  of  the  MJFSR  where  aerated  fuels  are  used.  The 
conditions  of  the  bomb  experiments  insured  that  the  metal  strips  (shims) 
suspended  within  the  bomb  were  at  uniform  temperature  throughout  and  at 
the  same  temperature  as  the  fuel.  Differences  in  amount  and  character  of  the 
material  deposited  on  these  strips  must  therefore  be  attributed  exclusively  to 
differences  in  the  strip  material  and  cannot  be  attributed  to  temperature 
gradients,  for  example. 

The  deposit  samples  obtained  from  the  MJFSR  were  all  collected  on 
commercial  stainless  steel  foil  and  the  same  foil  was  also  employed  in  the 
bomb  experiments.  However,  in  the  latter,  strips  of  aluminum  foil  and  silver 
foil  were  also  used  as  deposit  collectors.  For  the  Raman  experiment  a  micro¬ 
scope  slide  covered  with  a  thin  evaporated  silver  film  (“island  film”)  was 
momentarily  dipped  into  the  test  fluid  after  the  test.  The  bomb  deposit 
samples  were  very  much  thinner  than  the  MJFSR  ones,  for  they  were  barely 
visible  as  a  change  of  reflectivity.  The  roughness  of  the  stainless  steel  foil  was 
far  greater  (at  least  three  times)  than  that  of  the  aluminum  and  silver  foils;  the 
roughness  of  the  aluminum  foil  was  about  50%  greater  than  that  of  the  silver 
foil.  These  estimates  are  based  on  the  graybody  background  intensities  in 
infrared  emission. 

2.2.  Test  fuels 

Three  base  fuels  were  used  in  the  MJFSR:  (1)  Jet  A.  a  representative  jet  fuel 
consisting  of  about  17%  by  volume  of  mononuclear  aromatics,  0.1%  of  olefins. 
2%  of  naphthalenes,  and  the  balance  of  saturates;  (2)  ERBS.  an  experimental 
broadened-properties  reference  fuel,  consisting  of  35%  of  mononuclear 
aromatics,  0.3%  of  olefins,  7.5%  of  naphthalenes,  and  the  balance  of  saturates: 
(3)  dodecane,  which  is,  of  course,  an  essentially  pure  saturated  hydrocarbon 
(aromatic  and  olefinic  impurities:  <  0.006  and  0.03%  respectively).  In  addition, 
a  few  runs  were  made  with  a  mixture  of  80%  dodecane  and  20%  tetralin. 
Tetralin  is  well  known  for  its  peroxide-forming  tendencies  and  a  preliminary 
study  of  its  influence  on  the  formation  and  composition  of  the  deposits  was 
thought  to  be  worth  including. 

The  “spikes”  or  additives  were  tested  in  the  MJFSR  in  varying  concentra- 
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tions.  They  were  thiophene,  furan,  pyrrole  and  copper  and  iron  naphthenates. 
For  Jet  A  and  ERBS  the  concentrations  were:  pyrrole  0.1  wt%,  thiophene  and 
furan  1.0  wt%,  copper  naphthenate  2  ppm  and  iron  naphthenate  1  ppm.  For 
dodecane  all  the  amounts  were  twice  the  above.  Thiophene  and  pyrrole  were 
thought  to  be  good  initial  representatives  of  nonhydrocarbon  components  in 
fuel.  The  naphthenates  were  used  because  it  was  thought  that  a  portion  of  the 
metals  present  in  fuels  are  in  organometallic  form.  However,  the  naphthenates 
can  behave  like  soaps  and  alter  the  flow  pattern  at  boundary  surfaces. 

Only  two  hydrocarbon  liquids  were  used  in  the  bomb  experiments,  dode¬ 
cane  and  toluene. 

2.3.  Spectroscopic  analyses 


Our  preferred  method  of  analysis  was  essentially  the  same  Fourier  emission 
microspectrophotometry  we  had  used  previously  [1].  The  schematic  drawing  of 
fig.  2  was  taken  from  our  previous  publication.  However,  a  number  of 
improvements  were  made.  Thus,  for  example,  the  chopper  and  the  blackbody 
were  relocated  to  a  position  between  the  heated  sample  and  the  lens.  The  old 
position  below  the  lens,  chosen  for  reasons  of  space  and  convenience,  would 
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lead  to  increased  background  radiation  as  the  lens  would  heat  up  and  itself 
become  a  source  of  radiation.  This  problem  became  particularly  acute  when 
the  sample  temperature  was  raised  from  40  to  130°C  to  improve  the 
signal/noise  ratio  of  extremely  thin  deposits.  The  tuning  fork  chopper  was 
replaced  by  a  rotating  wheel  at  45a  with  the  optical  axis  of  the  lens  to 
introduce  sample  and  blackbody  radiation  altematingly  into  the  spectrometer. 
The  wheel  was  more  stable  and  a  better  reflector  than  the  tuning  fork  tines. 
However,  perhaps  the  most  important  innovation  of  primary  importance  for 
the  analysis  of  the  extremely  thin  deposits  produced  in  our  bomb  experiments 
was  a  heated  sample  holder  that  would  allow  the  planes  of  the  shims  to  be 
placed  at  a  high  angle  with  the  optic  axis.  Doing  that  also  required  a  lens  of 
longer  working  distance  than  the  one  used  previously.  A  large  angle  of 
emission  is  of  great  importance  when  very  thin  samples  on  metal  surfaces  are 
analyzed  by  infrared  emission,  for  then  the  metal  surfaces  produce  an  intensity 
pattern  that  has  its  maximum  at  viewing  angles  of  70°-80a  from  the  surface 
normal  (Greenler  [2]). 

Introduction  of  a  variable  viewing  angle  thus  added  another  element  of 
complexity  in  our  sample  location  system.  It  is  not  important  to  describe  it  in 
detail  in  this  paper,  but  it  should  be  mentioned  that  a  region  in  a  deposit 
sample  can  be  reproducibly  located  by  X,  Y,  Z  and  rotational  adjustments  in 
both  a  horizontal  and  a  vertical  plane  to  about  ±0.05  mm  and  0.1°  of  angle. 
To  make  use  of  this  precision,  all  the  instrumentation  is  set  on  a  optical  table 
of  high  quality.  Depending  on  the  objective  lens  used  the  deposit  area  viewed 
can  be  varied  from  about  1  cm2  to  100  pm1,  so  that  small  spots  of  deposit  can 
be  analyzed. 

In  the  work  reported  here  polarization  modulation  was  not  used.  The 
viewing  angle  was  kept  between  45°  and  75°,  with  respect  to  the  surface 
normal.  The  influence  of  viewing  angle  on  a  typical  deposit  spectrum  is  shown 
in  fig.  3.  At  0°  very  little  structural  detail  appears  above  the  background.  At 
45°  strong  bands  at  1470,  1610,  1730  and  1780  cm'1  are  very  distinct.  These 
bands  can  be  assigned  to  the  CH2  scissoring  mode,  the  asymmetrical  stretch  of 
carboxylic  acid  salts,  and  the  C=0  stretches  of  ketones  and  p-lactones, 
respectively.  As  pointed  out  by  Greenler  [2],  the  most  intense  emission  bands 
from  a  material  adsorbed  in  a  thin  layer  on  a  metal  surface  are  likely  to  be 
those  originating  from  a  transition  dipole  vector  having  a  strong  component 
vibrating  perpendicularly  to  the  surface. 

Our  slow-scanning  Fourier  spectrometer  is  ideally  suited  for  the  analysis  of 
the  very  weak  infrared  emissions  (small  sample  areas,  sample  temperature  as 
low  as  40°C  with  a  room  temperature  detector  and  very  thin  samples  on  metal 
surfaces)  (3j,  but  practical  considerations  allow  the  averaging  of  only  a  few 
(three  to  four)  spectra.  In  general,  only  the  spectral  region  from  600  to  2000 
cm'1  could  be  used  because  of  the  rapid  radiation  intensity  fall-off  at  higher 
frequencies.  Furthermore,  it  proved  to  be  convenient  to  separate  this  spectral 
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Fig.  3.  Change  of  spectrum  with  observation  angle. 

region  into  three  parts  by  optical  filtering  (600-1200,  1100-1400,  and 
1300-2000  cm"')  to  reduce  the  dynamic  range.  Not  all  ranges  were  run  for  all 
the  spectra.  The  reciprocal  resolution  was  ±5  cm'1.  The  last  two  ranges 
required  complete  removal  of  moisture  and  carbon  dioxide  from  the  spectrom¬ 
eter  atmosphere. 

The  Raman  spectra  were  obtained  with  a  Spex  spectrometer  in  the  RPI 
Physics  Department. 

2.4.  Calibration 


Fig.  4  shows  an  emission  spectrum  of  a  2.5  /im  thick  film  of  Mylar  at  60°C. 
It  is  included  here  not  only  to  show  that  all  the  absorption  bands  are  clearly 
distinguishable  as  emission  bands  and  that  they  appear  at  the  same  frequencies 
but  also  the  three  spectral  ranges  we  use,  which  are  separated  by  optical  filters 
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Fig.  4.  Absorption  and  emission  spectrum  of  Mylar. 

of  sharp  cutoffs.  That  the  spectrum  was  not  ratioed  to  the  blackbody.  is  one 
reason  that  the  relative  intensities  of  the  various  bands  are  not  those  observed 
in  absorption.  Another  reason  for  the  intensity  differences  is  the  effect  of  the 
substrate  and  polarization. 

The  Mylar  spectra  are  single  spectra,  not  averages  of  many  spectra  as  has 
become  common  practice  in  Fourier  infrared  spectroscopy. 
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3.  Results  and  discussion 

3.1.  Bomb  experiments 

3. 1. 1.  Infrared  emission 

Figs.  5  and  6  contain  three  infrared  emissions  each  of  deposits  from 
dodecane  and  toluene,  which  were  collected  simultaneously  on  stainless  steel, 
aluminum  and  silver  strips.  Thickness  data  are  lacking,  but  visual  comparison 


Fig.  5.  Emission  spectra  of  dodecane  deposits  collected  on  three  different  metals  in  a  corrosion 
bomb 
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Fig.  6.  Emission  spectra  of  toluene  deposits  collected  on  three  different  metals  in  a  corrosion 
bomb. 


with  deposits  on  tubes,  whose  thickness  was  estimated  by  scanning  electron 
microscopy,  would  seem  to  indicate  that  these  strip  deposits  were  less  than  100 
A  thick.  The  spectra  of  these  figures  were  all  normalized  and  displaced 
vertically  in  the  order  of  background  intensity,  stainless  steel  furnishing  the 
highest  background,  no  doubt  because  it  is  the  poorest  reflector  and  had  the 
roughest  surface.  It  should  also  be  pointed  out  that  all  these  spectra  were 
separately  obtained  in  three  separate  wavenumber  regions  although  the  com- 
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posite  spectra  of  figs.  5  and  6  appear  to  be  continuous.  Casual  comparison  of 
the  spectra  shows  that  the  contrast  is  highest  for  the  aluminum  deposits  and 
lowest  for  the  stainless  steel  deposits,  the  silver  deposit  spectra  occupying  an 
intermediate  position.  The  order  of  the  spectral  contrasts  parallels  that  of  the 
reflectivity  of  the  substrate  in  the  infrared  (in  the  infrared  aluminum  is  a 
somewhat  better  reflector  than  silver). 

The  strongest  and  most  outstanding  emission  band  in  the  spectra  of  the 
aluminum  deposits  formed  from  both  dodecane  and  toluene  is  peaking  at  930 
cm*'  for  the  former  and  at  910  cm*1  for  the  latter.  A  weaker  band  in  this 
spectral  range  is  also  present  in  all  the  other  spectra.  For  this  reason  and 
because  of  the  wavenumber  difference  it  is  unlikely  that  this  band  is  merely  the 
aluminum  oxide  phonon  described  by  Mertens  [4],  The  chances  are  that  it  is 
both  due  to  this  phonon  and  the  OH . . .  O  out-of-plane  hydrogen  deformation 
of  the  carboxyl  dimer.  This  assignment  is  confirmed  by  a  strong  band  at 
1300-1310  cm'1,  which  is  present  in  all  the  dodecane  deposit  spectra  but  only 
in  the  toluene  deposit  spectrum  from  aluminum.  This  band  is  considered  to  be 
caused  by  the  C-O  stretch  of  the  carboxyl.  Another  carboxyl  dimer  band,  the 
OO  stretch  expected  to  be  located  between  1680  and  1740  cm-1  is  strongly 
present  in  both  of  the  aluminum  deposit  spectra.  The  aluminum  deposit 
spectra  also  contain  a  strong  band  at  1380  cm'1  and  a  weaker  one  at  1430 
cm'1,  which  are  usually  assigned  to  the  asymmetric  and  symmetric  stretching 
modes  of  carboxylic  acid  salts,  as  well  as  a  strong  band  at  1650  cm'1,  which 
can  be  assigned  to  C=C  (olefin)  stretch.  The  presence  of  a  carboxylic  acid  in 
the  aluminum  deposits  from  dodecane  is  also  indirectly  confirmed  by  the  series 
of  nearly  equispaced  bands  between  1200  and  1320  cm'1,  which  represent  the 
harmonics  of  the  CH2  wagging  mode;  these  bands  are  usually  particularly 
intense  in  paraffinic  carboxylic  acids  and  salts.  On  the  other  hand,  the  toluene 
deposits  on  aluminum  show  characteristic  bands  near  1580  and  1630  cm'1,  at 
710  cm'1  and  around  1450  and  1500  cm'1,  which  can  be  assigned  to  the 
phenyl  group.  A  band  near  710  cm'1  in  all  the  dodecane  deposits  is  likely  to 
be  the  CH2  rock.  A  band  near  1730  cm'1  for  the  dodecane  deposits  and  near 
1700  cm~ 1  for  the  toluene  deposits  must  be  assigned  to  carbonyl. 

There  is  much  less  evidence  for  carboxylic  acids  and  little  if  any,  for  salts  in 
the  silver  deposits  and  essentially  none  for  either  in  the  stainless  steel  deposits. 
In  the  latter  the  most  identifiable  bands,  i.e.,  1260  and  1350  cm'1  for 
dodecane  are  CH2  and  CH}  deformations.  The  silver  deposit  spectra,  however, 
do  show  carbonyl  bands  as  well. 

The  spectra  of  the  bomb  deposits  can  therefore  be  summarized  as  follows; 
On  aluminum  the  hydrocarbons  were  partly  oxidized  all  the  way  to  carboxylic 
acids  and  salts,  and  partly  to  aldehydes  and  ketones,  on  silver  also  partly  to 
carboxylic  acids  and  to  aldehydes  and  ketones  and  on  stainless  steel  probably 
mostly  to  hydrocarbon  polymers.  The  latter  spectra  show  little  evidence  of  the 
presence  of  carbonyl  groups. 
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How  do  these  spectra  compare  with  the  MJFSR  spectra?  A  good  example  is 
shown  in  Tig.  7. 

Dodecane  deposits  on  stainless  steel  are  compared  for  the  two  situations.  If 
at  all  present  the  1260  and  1350  cm-1  bands  of  the  bomb  experiments  are 
essentially  absent  for  MJFSR.  However,  the  MJFSR  spectrum  does  show 
possible  evidence  for  C  -  O  bands  at  1700,  1730  cm'1  and  a  strong  band  at 
840  cm'1  may  be  indicative  of  olefin  epoxidation.  Oleftns  are  also  very  likely 
evidenced  by  bands  near  1600  cm'1.  It  would  appear  therefore  that  oxidation 
went  further  in  MJFSR  than  in  our  bomb. 

Unfortunately  our  emission  spectra  regions  do  not  extend  beyond  2000 
cm'1  because  the  available  energy  is  too  low  beyond  that  frequency.  Others 
encountered  the  same  limitation  (Suitaka  [5]). 

3.1.2.  Surface  enhanced  Raman  (SERS)  spectrum 

The  Raman  spectrum  of  fig.  8,  obtained  by  momentarily  dipping  a  silver- 
coated  microscope  slide  into  the  partly  oxidized  dodecane  after  the  bomb  test. 


Fig.  7.  Comparison  of  spectra  From  dodecane  deposits  collected  on  stainless  steel  in  the  MJFSR 
and  the  stainless  steel  bomb. 
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Fig.  8.  Raman  spectrum  of  a  dodccanc  deposit  collected  on  silver  in  a  stainless  steel  bomb. 

was  surprising  for  its  quality.  The  deposit  was  barely  visible  as  a  minute 
reflectivity  change  and  was  probably  no  more  than  a  few  molecular  layers 
thick.  It  shows  strong  bands  at  820,  960,  1130,  1250,  1380,  1560,  1600  and  at 
1640  (strong)  cm-1.  The  principal  infrared  emission  bands  in  the  dodecane 
deposit  on  silver  (fig.  5)  are  at  850.  910.  980,  1130,  1180,  1260,  1600,  1650 
(weak)  and  1730  cm'1.  Perhaps  the  most  outstanding  difference  between  these 
spectra  is  the  clear  absence  of  a  Raman  band  at  1700  cm" 1  and  the  presence  of 
broad  and  strong  Raman  bands  but  weak  infrared  bands  grouped  near  1400 
and  1640  cm"’.  Since  the  carboxylic  acid  dimer  is  centroxymmetric.  the 
asymmetric  carbonyl  stretch  would  be  expected  to  fall  at  1700  cm-1  and  be 
infrared-active  only  and  the  symmetric  stretch  to  fall  at  1640  cm"'  and  be 
Raman-active  only.  An  infrared  band  near  1600  cm"’  and  a  Raman  band  near 
1400  cm" 1  are  similarly  expected  for  the  coupled  oscillators  in  carboxylic  acid 
salts.  Other  bands  in  both  the  infrared  and  Raman  spectra  can  be  assigned  to 
olefins  and  alkanes  as  shown  in  table  1,  which  summarizes  the  data. 

There  is  a  great  deal  of  recent  literature  on  different  selection  rules  for 
SERS  and  for  ordinary  Raman  spectroscopy  [6J.  Some  authors  consider 
chemisorption  a  prerequisite  for  SERS.  Our  data  would  still  be  consistent  with 
the  assignments  made,  but  no  conclusions  should  be  made  on  the  basis  of 
relative  band  intensities. 


3.2.  Lewis  thermal  stability  I MJFSR )  spectra 
3.2.1.  Overview 

Fig.  9  is  a  comparison  of  the  deposit  weight  on  the  standard  2  cm2  stainless 
steel  surface  and  the  “greatest  unnormalized  amplitude”  (GUA)  of  our  in- 
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Fig.  9.  Comparison  of  MJFSR  deposit  weights  and  infrared  emission  intensity  (GUA). 
containing  the  horizontal  lines  represent  weights  of  deposits  formed  on  both  sides  of  the 
strip. 


The  bars 
collecting 


frared  emission  spectra  in  the  650-1250  cm' 1  wavenumber  region.  This  region 
includes  essentially  only  bands  representing  C-C  or  C-H  vibrational  modes 
and  the  overall  intensity  in  this  region  would  be  expected  to  be  related  only  to 
carbonaceous,  i.e.,  not  oxidized,  material.  Some  of  the  bars  for  the  deposit 
weights  contain  question  marks  to  indicate  that  the  measurements  are  probably 
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region.  Visual  inspection  of  the  deposit  layers  on  the  shims  shows  the  dif¬ 
ference  in  their  nature  by  slightly  different  colors. 

3.2.2.  Dodecane  spectra 

Fig.  10  shows  600-2000  cm-1  emission  spectra  of  dodecane  deposits 
formed  at  MJFSR  on  stainless  steel  shims.  These  spectra  are  included  to  show 
the  complexity  and  the  effect  of  the  additives.  Perhaps  the  single  most 
important  difference  to  be  noticed  in  these  spectra  is  the  enhancement  of  a 
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Fig.  13.  Difference  spectra  of  MJFSR  deposits  from  Jet  A  fuel  with  additives  and  those  of  the 
straight  fuel:  (A)  with  copper  naphthenate  minus  neat;  (B)  with  iron  naphthenate  minus  neat. 
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band  at  1S80  cm'1  relative  to  its  neighbors  by  the  additives  furan  and  the 
naphthenates.  With  the  copper  naphthenate  spike  this  band  is  already  the 
strongest  in  the  spectrum,  but  with  iron  naphthenate  this  band  is  the  outstand¬ 
ing  feature  in  the  1400-2000  cm  ~ 1  spectral  region. 

As  mentioned  earlier,  the  1580  cm'1  band  was  assigned  to  carboxyl  salts. 
Therefore,  the  naphthenates,  in  particular,  would  seem  to  concentrate  in  the 
deposits. 

To  show  the  effect  of  the  spikes  more  clearly  the  difference  spectra  of  fig.  11 
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Fig.  14.  Emission  spectra  of  ERBS  fuel  deposit  on  MJFSR  stainless  steel  shims:  (A)  neat:  (B)  with 
copper  naphthenate:  (C)  with  iron  naphthenate. 
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were  plotted  by  computer.  These  spectra  take  into  account  that  different 
spectra  have  different  overall  intensities.  In  all  cases  the  deposit  spectrum 
derived  from  pure  dodecane  was  subtracted  from  the  spectra  derived  from 
dodecane  containing  the  spikes.  Contributions  of  the  spike  are  pointing  up, 
subtractions  down.  It  will  be  noticed  that  all  the  additives  enhance  bands  near 
770,  1400,  1450  and  1550  cm-1.  Iron  naphthenate  and  furan  resolve  the  1550 
cm'1  band  from  its  1580  cm'1  neighbor.  These  bands  occur  in  the  additives. 
Thus  the  spectra  show  an  increased  concentration  of  additive  material  in  the 
deposits. 
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Fig  15.  Difference  spectra  of  MJFSR  deposits  from  ERBS  fuef  with  additives  *nd  those  of  the 
straight  fuel:  (A)  with  copper  naphthenate  minus  neat;  (B)  with  iron  naphthenate  minus  neat 
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The  first  two  small  emission  bands  on  the  left  right  after  the  steep  initial-rise 
of  the  background  (caused  by  the  optical  filter)  should  also  be  compared  in  the 
spectra  of  fig.  10.  These  bands,  located  at  720  and  730  cm-’  represent  the 
“amorphous"  and  “crystalline”  components  of  the  CH2  rocking  mode  of 
paraffinic  chains.  In  the  liquid  phase  only  the  720  cm  - '  component  is  present. 
The  “crystalline”  mode  arises  from  interactions  between  neighboring  chains. 
Clearly  the  naphthenates  enhanced  the  720  cm  ~ 1  band  but  virtually  wiped  out 
the  other  component.  Tetralin  did  the  same.  These  bands  may  therefore  be 
related  to  the  relative  stickiness  of  the  deposits. 

3.2.3.  Jet  A  and  ERBS  spectra 

In  figs.  12  and  13, 600-2000  cm-1  emission  spectra  and  their  differences  for 
Jet  A  are  shown.  When  the  “  blank”  is  compared  with  the  deposits  from  the 
spiked  fuels,  it  will  be  noticed  that  the  720,  780,  850  cm-1  triplet  correspond¬ 
ing  to  aromatic  substitution  is  reduced  in  relative  importance  by  the  naph- 


Fig,  16.  Emiuion  spectre  of  an  ERBS  fuel  deposit  collected  at  500  and  600° F. 
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thenates  (il  should  be  remembered  that  these  are  normalized  spectra)  while  the 
1S80  cm'1  carboxyl  salt  band  is  relatively  enhanced.  Again  the  conclusion  is 
that  these  spikes  concentrate  on  the  surface. 

The  conclusions  drawn  from  the  ERBS  emission  spectra  of  figs.  14  and  15 
are  similar.  The  spikes  enhance  the  1580  cm"'  carboxyl  salt  band,  showing 
their  increased  concentration  there. 

3.2.4.  Effect  of  deposition  temperature  on  the  spectrum  of  an  ERBS  deposit 

Fig.  16  shows  an  ERBS  deposit  spectrum  obtained  at  500° F  and  one  at 
600°F  in  the  MJFSR.  The  strong  aromatic  bands  at  1600  (naphthalene)and 
1150  (m-substitution)  cm”'  are  similar  in  both  spectra.  However,  the  higher 
temperature  deposit  also  show  strong  bands  at  720  and  780  cm-1  which,  if 
they  belong  to  the  same  species,  are  characteristic  of  vicinal  trisubstituted 
benzenes  (fused  polyphenyls?).  An  enhancement  of  these  materials  would  be 
expected  in  the  deposit,  but  confirmation  of  this  result  will  be  required. 


4.  Conclusion 

If  the  reader  has  got  the  impression  of  enormous  complexity,  he  has  got  the 
correct  impression.  Even  a  relatively  simple,  pure  hydrocarbon  such  as  dode- 
cane  give  rise  to  various  polymeric  and  oxidized  reaction  products  in  its 
deposits  and  the  distribution  of  these  products  depends  on  the  nature  of  the 
collecting  surface  as  well.  The  basic  mechanism  of  liquid  phase  oxidation,  viz. 
formation  of  alkyl  hydroperoxides  by  the  reaction  of  alkylperoxy  radicals  with 
hydrogen  atom  donors,  which  can  be  the  hydrocarbon  itself,  has  be£n  well 
established  [7|.  In  some  instances  peroxides  are  formed  instead  of  hydroper¬ 
oxides.  The  decomposition  of  these  peroxides  then  leads  to  unsaturates, 
aldehydes,  ketones  and  acids  with  the  strong  possibility  of  chain  reaction 
stimulations  leading  to  polymers.  The  metal  substrate  can  influence  the  deposit 
reaction,  such  as  salt  formation  with  carboxylic  acid  group.  Our  bomb  experi¬ 
ments  showed  that  an  aluminum  surface  favors  carboxylic  acid  formation,  in 
other  words  more  oxidation,  and  oxidative  properties  of  aluminum  oxide  have 
been  reported  (8].  Since  all  the  substrates  in  the  bomb  experiments  were  at 
constant  temperature,  their  influence  on  deposit  composition  could  be  dis¬ 
tinguished. 

The  MJFSR  deposits  were  more  highly  oxidized,  e.g..  had  more  carboxyl 
groups,  than  the  stationary  bomb  deposits,  presumably  because  (i)  more 
oxygen  was  available  (it  was  continuously  injected  into  the  stream)  and  (ii) 
oxidized  intermediates  could  be  carried  by  convection  as  well  as  by  diffusion. 
Hence  the  different  compositions  can  be  easily  accounted  for. 

The  Raman  spectra  (SERS)  came  out  surprisingly  well  and  were  very 
helpful  in  the  interpretation  of  infrared  deposit  spectral  data.  However,  the 
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procedure  is  clearly  not  routine  and  seems  to  work  only  with  silver  substrates, 
which  are  not  realistic. 

Much  more  realistic  is  the  effect  of  the  additives  or  spikes.  Furan,  thiophene 
and  pyrrole  are  all  very  “aromatic”  in  their  chemical  behavior.  They  all 
promote  deposit  formation;  pyrroles,  e.g.,  were  found  to  react  strongly  with 
peroxides  to  form  polymeric  sediments  [9],  but  the  detailed  mechanism  is 
unknown.  Tetralin  also  reacts  with  peroxy  radicals,  even  with  its  own  hydro- 
peroxy  radical  by  serving  as  a  hydrogen  atom  donor,  to  form  hydroperoxides 
[10].  The  soluble  copper  and  iron  naphthenates  are  oxidation  catalysts  as  well 
as  micelle-formers  like  soaps.  Dissolved  copper  in  lubricating  oils  was  found  to 
be  a  good  chain-initiation  catalyst,  dissolved  iron  a  good  chain-branching 
catalyst.  Micelle  formation  of  dissolved  copper  has  been  considered  the  reason 
for  the  maximum  oxidation  rate  observed  with  increased  concentration.  Thus 
the  naphthenates  would  also  promote  carboxylic  acid  formation  from  fuel  and 
these  acids  would  chemisorb  on  metal  surfaces. 

As  was  shown  by  one  example,  temperature  can  have  a  profound  influence 
on  surface  deposits;  higher  temperatures  increase  the  oxidation  rate. 

Thus  fuel  composition,  temperature,  the  nature  of  the  boundary  surfaces 
and  small  amounts  of  nonhydrocarbons  can  be  of  great  importance  with 
regard  to  fuel  stabilisty  and  wall  deposits.  Oxidation  is  the  prime  chemical 
cause.  And  the  spectroscopic  procedures  of  infrared  emission  and  Raman 
(SERS)  spectroscopy  can  assist  in  differentiating  between  good  and  bad  actors 
and  in  establishing  mechanisms. 
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The  contact  ana  of  the  plate  of  a  ball/plate  (both  consisting  of 
hardened  M-30  steel)  sliding  elastohydrodynamie  contact  run  on 
trimethyMpropasu  triheptanoale  with  or  without  tricresylphosphate 
(TCP)  additive  was  optically  profiled  periodically  with  a  phase- 
locked  interference  microscope  (PUM),  both  before  and  after  ex¬ 
posure  to  alcoholic  hydrochloric  acid.  As  scuffing  was  approached, 
the  change  if  profile  within  the  contact  region  changed  much  more 
rapidly  by  the  acid  probe  and  assumed  a  constant  high  value  if  ter 
scoffing.  A  new  nonetching  metallurgical  phase  was  found  in  the 
scuff  mark,  which  was  apparently  responsible  for  the  high  reactivity. 
Soaking  the  metal  surfaces  in  the  lubricant  before  running  effected 
the  subsequent  reactivity. 

The  microscopic  profile  changes  (sensitivity  ±  30  A  in  depth) 
involved  primarily  the  smalt  asperities  of  radius  <  3  \sm,  while  the 
larger  ones  were  unaffected.  Soaking  the  steel  in  TCP  smoothed 
the  fine  structure  of  the  surface  profile,  but  increased  the  reactivity 
toward  hydrochloric  acid  before  sliding  was  started.  This  behavior 
parallels  chemical  changes  if  TCP-exposed  surfaces  observed  pre¬ 
viously. 

It  would  appear  that  this  type  of  examination  could  be  used  for 
screening  if  potentially  scuff -resistant  ma^  rials. 

INTRODUCTION 

Scuffing  or  scoring  of  stainless-steel  bearing  surfaces  was 
found  to  increase  the  chemical  reactivity  at  room  temper¬ 
ature  (/).  A  phase-locked  interference  microscope  (PLIM) 
was  used  to  show  on  a  microscale  that  the  same  exposure 
to  dilute  alcoholic  hydrochloric  acid  produced  much  greater 
contour  changes  within  than  without  the  score  track.  On 
the  conjecture  that  a  maximum  temperature  reached  dur¬ 
ing  scuffing  or  scoring  was  responsible  for  the  reactivity 
difference,  a  series  of  stainless-steel  plates  were  briefly  heated 
to  increasing  temperatures  and  their  reactivities  toward  al¬ 
coholic  hydrochloric  acid  measured  at  room  temperature. 
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Indeed,  the  reactivity  was  higher  the  higher  the  preheat 
temperature.  Based  on  this  result,  it  was  assumed  that  the 
scuffing  reaction  depended  on  a  critical  preheat  tempera¬ 
ture  but  that,  in  contrast  to  the  implications  of  the  total 
contact  temperature  concept  of  Blok  (2)  and  others,  scuffing 
does  not  have  to  occur  right  at  that  temperature.  Presum¬ 
ably.  a  metallurgical  change  would  occur  on  heating  of  the 
metal  surfaces  which  could  eventually  affect  a  large  enough 
contact  region  to  promote  the  fast  chemical  changes  asso¬ 
ciated  with  scuffing.  Alternatively,  or  in  addition,  a  chemical 
change  could  take  place  on  the  surface,  such  as  a  transfor¬ 
mation  of  oxides  or  of  other  surface  compounds  (8). 

In  this  paper,  we  report  on  series  of  experiments  in  which 
a  lubricated  ball/plate  (both  of  hardened  M-50  steel)  sliding 
contact  was  run  long  enough  under  appropriate  operating 
conditions  until  scuffing  occurred.  However,  the  plate  was 
removed  at  known  intervals  before  scuffing  and  the  reac¬ 
tivity  of  the  contact  region  towards  diluted  hydrochloric  acid 
was  determined  at  room  temperature. 

Our  present  measurements  were  made  both  with  an  ad¬ 
ditive-free  base  oil  and  with  the  same  oil  containing  a  tri- 
cresyl  phosphate  (TCP)  antiwear  additive.  Soaking  the  bear¬ 
ing  surfaces  prior  to  contact  operation  was  also  investigated, 
originally  to  pursue  some  of  the  observations  reported  by 
Shafrin  (4)  some  time  ago.  Using  Auger  spectrophotometry, 
Shafrin  had  found  that  exposure  to  TCP  initially  formed  a 
phosphide  on  a  steel  surface  but  that  this  phosphide  changed 
to  a  phosphate  on  prolonged  exposure.  This  change  in  the 
nature  of  the  surface  would  be  expected  to  affect  bearing 
lubrication. 

MATERIALS 

Lubricant 

The  lubricant  used  in  (his  work  was  the  base  oil  of  a 
research  lubricant  prepared  by  NASA  and  designated  as 
MIL-99.  The  fully  formulated  lubricant  was  designed  to 
represent  those  manufactured  under  MIL-L-23W99  speci¬ 
fication. 

Specifically,  the  base  sunk  of  G-MII.-M9  is  pure  trime- 


o 

H 


Its  principal  physical  properties  are: 


Viscosity,  cSt  at  98.9°C  3.5 

at  37.8*C  15.2 

Pour  point,  *C  -67.8 

Specific  gravity,  25°C  0.963 


Shell  4-Ball  Wear  Test 


Force 

Newton 


9.8 

98 

392 


Scar  Diameter 
mm,  at  54®C 
600  rpm,  1  hour 
0.21 
0.43 
0.57 


M-30  is  a  4  percent  Cr,  4  percent  Mo,  1  percent  C,  mar¬ 
tensitic  steel.  The  heat  treatment  procedure  was  the  follow¬ 
ing: 


Preheat 

Harden 

Quench 
(in  motion  salt) 

Air  Cool 

Temper*  (2  hours) 

Air  Cool 

Temper  (2  hours) 

Air  Cool 

Three  more  tempers  at 

'Tempering  ahuuld  be  aurtcd 
u  reached  lo  avoid  cracking 


816°C 

1110*C 

552°C 

Room  Temperature 
338*C 

Room  Temperature 
538*C 

Room  Temperature 
524*C 

won  at  room  temperature 


Our  samples  were  heat  treated  by  a  local  heat-treating 
company.  The  hardness  of  the  steel  after  the  heat  treatment 
was  62—63  (Rockwell  C). 

Our  samples  (20.6-mm  diameter  balls  and  22-mm  x  11- 
mm  x  7-mm  plates)  were  ground  before  the  heat  treatment. 
After  heat  treatment,  a  grayish  finish  appeared  on  the  sur¬ 
face.  The  plates  were  then  mounted  in  epoxy  plastic  and 
all  the  specimens  were  lapped  by  machine.  They  were  pol¬ 
ished  successively  with  240-,  4IKI-,  and  600-grade  sandpaper 
under  water,  then  with  9-micrometer  diamond-imbedded 
paper  without  water,  and  then  with  0.3-micrometer  alu¬ 


minum  oxide  under  water,  until  practically  a  mirror  finish 
was  reached.  Linder  the  metallurgical  microscope  (nital 
etching)  the  structures  typical  of  tempered  martensite  were 
apparent  (Fig.  1).  Some  chunks  of  carbide  (white  areas)  can 
be  seen. 

The  steel  maker  also  supplied  us  with  the  following  phys¬ 
ical  properties  for  this  steel: 


specific  gravity 

8.0 

specific  heat.  J/kgK 

418.6 

thermal  conducdvity,  watt/cm°C 

at  100*C 

0.37 

300*C 

0.35 

500*0 

0.34 

APPARATUS 

AC  Phase-Locked  Interference  Microscope  (PLIM) 

This  instrument  is  the  same  as  that  used  in  our  previous 
investigation  (/),  but  with  certain  improvements.  Only  the 
improvements  deserve  detailed  attention  here.  A  major  im¬ 
provement  was  the  addition  of  an  argon  ion  laser  which 
makes  it  possible  to  use  a  number  of  different  wavelengths 
as  surface  probes.  If  the  surface  scanned  is  metallic,  such 
as  gold,  or  coated  by  a  transparent  oxide,  such  as  aluminum 
oxide  (Fig.  2),  the  profiles  are  the  same  for  different  wave¬ 
lengths.  However,  with  steels  usually  covered  by  an  light¬ 
absorbing  oxide  coating,  the  profiles  appear  to  be  different 
(Fig.  3).  Since  the  oxide  layers  are  known  to  be  extremely 
thin,  the  same  metal  surface  is  always  the  source  of  sample 
reflection.  The  differences  are,  therefore,  ascribed  to  phase 
changes  on  reflection,  which  are  wavelength-dependent. 
When  a  wavelength  is  partially  absorbed  by  the  oxide  e.g. 
blue  light  by  a  red  oxide,  the  phase  change  is  dependent 
on  the  thickness  of  the  oxide  layer  and  significantly  differ¬ 
ent  from  that  produced  by  the  pure  metal.  Therefore,  the 
“apparent  depth  profile"  scanned  by  this  wavelength  is  dif¬ 
ferent  from  that  scanned  by  a  wavelength  which  is  not  ab¬ 
sorbed.  From  this  difference,  the  thickness  of  the  oxide 
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layer  can  be  calculated  provided  iu  optical  parameters  are 
known.  (We  are  now  in  the  process  of  constructing  an  el- 
lipsometer  attachment  to  the  PLIM  to  determine  these  pa¬ 
rameters).  In  our  reactivity  studies,  real  profiles  and  ap¬ 
parent  profiles  are  mixed  since  only  profile  changes  are 
observed.  For  this  reason,  care  must  be  taken  not  to  imply 
that  the  observed  profile  changes  are  always  true  surface 
contour  changes. 

Distance  calibration  of  the  instrument  is  very  simple.  In 
the  horizontal  plane,  a  reticule,  such  as  those  standard  with 
optical  microscopes,  can  be  used.  The  horizontal  magnifi¬ 
cation  is  essentially  determined  by  the  magnification  of  tb* 
objective.  The  larger  the  magnification  and,  therefore,  in 
general,  the  numerical  aperture  (NA),  the  smaller  the  field 
of  view  and,  also,  the  higher  the  resolution  of  sharp  surface 
contours.  Clearly,  a  steep  asperity  of  less  than  two  microm¬ 
eters  base  diameter  cannot  be  resolved  if  the  effective  res¬ 
olution  of  the  objective  is  less  than  that.  Unfortunately,  the 
higher  the  magnification  of  the  objective  lens,  the  shorter 
also  its  working  distance.  Depth  calibration  is  done  very 
accurately  by  the  phase  jump  in  the  detector  plane.  The 
separation  between  two  successive  interference  fringes  cor¬ 
responds  to  a  phase  difference  of  Sir  between  the  sample 
and  reference  beams.  If  there  is  no  oxide  or  other  dielectric 
layer  on  the  sample  surface,  there  is  phase  reversal  at  the 
sample  surface  and  this  separation  of  fringes  corresponds 
to  a  change  in  depth  of  sample  surface  profile  of  half  a 
wavelength  of  the  laser  light  (e.g.  3164  A  for  the  He/Ne 
laser).  This  geometric  change  was  made  equal  to  10V  of 
recorder  output  potential. 


A  major  improvement  of  the  PLIM  has  been  the  substi¬ 
tution  of  two  40x,  long-working-distance  ( 1 8-mnt)  objectives 
for  the  old  standard  40x  objectives  (4-mm  working  dis¬ 
tance).  The  new  objectives  are  Cassegrainian  reflectors  and 
should,  according  to  established  theory  (J),  be  unsuitable 
for  this  work  because  a  small  ponton  of  the  paraxial  beam 
is  cut  off.  Contrary  to  theory  and  previous  experience  with 
other  Cassegrainian  reflecting  objectives,  they  work  beau¬ 
tifully;  however,  presumably  because  (a)  the  two  objectives, 
i.e.  one  in  the  sample  and  one  in  the  reference  beam,  are 
precisely  matched  and  (b)  the  blocked  center  ponion  is  very 
small  compared  to  the  two-inch  diameter  Cassegrainian  col¬ 
lecting  mirror.  The  long  working  distance  makes  it  possible 
to  obtain  profiles  of  surfaces  through  windows. 

RESULTS 

Effect  on  Surface  Profile  of  Surface  Treatment  with  the 
Lubricant  Containing  4.5  Percent  of  Tricresyl 
Phosphate 

Figure  3  shows  the  profile  of  the  original  M-50  plate 
surface  as  it  was  obtained  with  two  different  argon  ion  laser 
wavelengths.  The  surface  was  very  smooth  but  the  profiles 
show  some  differences  with  wavelength,  which  we  attribute 
to  patches  of  an  oxide  layer,  for  our  experiments  were  car¬ 
ried  out  in  the  ambient  atmosphere.  For  this  reason,  the 
surfaces  were  very  likely  covered  by  adsorbed  oxygen  as 
well.  The  presence  of  adsorbed  oxygen  on  M-50  steel  in  air 
was  also  inferred  by  Faut  and  Wheeler  ( 8 )  from  their  ex¬ 
periments  on  the  friction  of  TCP. 

After  contacting  the  same  surface  under  the  microscope 
with  the  TCP-containing  lubricant  for  five  minutes,  the  pro¬ 
files  (Fig.  4)  at  the  same  two  wavelengths  became  smoothed. 
(Note  that  all  our  optical  profiles  were  obtained  on  dry 
surfaces — after  exposure  to  lubricant,  the  surface  was  rinsed 
with  much  alcohol  and  allowed  to  dry.)  The  smoothing  is 
especially  noticeable  at  4880  A. 

After  soaking  in  the  TCP-containing  lubricant  for  four 
days  at  ambient  temperatures,  the  profiles  (Fig.  5  taken  at 
4880  A)  became  even  smoother.  We  then  applied  a  drop 
of  0.01  M  hydrochloric  acid  in  alcohol  for  about  ten  seconds 
and  washed  it  off  (our  probe  reaction).  The  small  asperities 
were  attacked  and  removed  (base  radii  of  1-2  M-m)  but  the 
large  ones  were  unaffected.  The  “steady-state*'  situation  was 
obtained  after  allowing  the  surface  to  rest  for  some  time. 
It  would  appear  that  chemical  reaction  continued  even  after 
all  the  chloride  was  washed  off.  It  could  be  more  chloride 
formation,  but  it  could  also  be  oxidation  subsequent  to  chlo¬ 
ride  formation.  After  another  acid  probe  treatment,  one  of 
the  original  small  peaks  had  become  a  valley.  However,  the 
targe  features  of  the  profile  remained. 

To  compare  the  TCP-treated  surfaces  with  untreated  sur¬ 
faces.  the  series  of  profiles  of  Fig.  6  were  obtained.  Clearly, 
the  changes  after  acid  treatment  are  very  small  and  even 
the  acid  of  ten-times  the  original  strength  did  not  change 
the  profile  very  much.  On  careful  examination  of  these 
profiles,  a  certain  long-range  periodicity  of  asperities  is  no¬ 
ticeable.  The  corresponding  "wavelength"  could  corre¬ 
spond  to  an  average  grain  size  (Fig.  I ).  Interestingly  enough. 
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therefore.  the  TCP-treated  steel  surface  was  much  more  re- 
nctwe  toward  our  probe  (certainly  for  small  asperities)  than 
the  untreated  steel  surface. 

Rgactivlty  of  M-50  Surfaces  as  a  Function  of  Running 
Time  Toward  Scuffing 

The  ball/plate  sliding  contact  described  in  one  of  our 
earlier  publications  (})  was  modified  to  accommodate  a  20.(5- 
mni-diamcier  ball  and  a  steel  plate  instead  of  a  sapphire 
window.  Both  ball  and  plate  were  of  the  same  hardened  M- 
50  steel  described  earlier.  The  lubricant  was  fed  into  the 
contact  region  (on  top  of  the  ball)  by  means  of  a  peristaltic 
pump.  Traction,  or  at  least  a  proportionate  quantity,  was 
monitored  with  a  strain  gauge.  Loading  took  place  from 
the  top  to  an  average  Hertzian  pressure  of  20  kbar  ( Hertzian 
radius  —  75  pun). 

Figure  7  shows  plots  of  traction  versus  o|>erating  time 
under  these  conditions.  I  lie  top  two  curves  correspond  to 
the  liase  oil  containing  the  TCP  and  the  bottom  curves  to 
the  I  me  oil  alone.  Both  sets  of  plots  also  compare  the  effect 
of  soaking  the  M-50  surface  lot  three  hours  in  the  lubricant 
at  ambient  temperature.  In  the  case  of  the  base  oil.  prior 
soaking  itterelv  extended  the  time  to  scuffing  from  120 
seconds  to  TOO  seconds,  il  M  ulling  is  identified  hv  the  lirst 
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Fig.  7— Traction  v*r*u*  tfm*  of  baIPptete  contact  operation.  Thaaa  ar* 
recorder  tr»c*«  of  Independent  *«p*rim»nts.  Tr»oo«  1  and  2  refer 


three  hour*  of  prior  aoaMng  at  ambient  temperature,  the  latter 
without  Making.  Tree**  3  and  4  are  th*  corresponding  trac** 
for  th*  baa*  oil  without  TCP.  Th*  Inversion  of  th*  number*  of 
the  taro  pair*  and  th*  upward  step  at  400  second*  of  all  traces 
but  4  should  b*  noted. 


steep  rise  of  traction  (subsequent  examination  of  the  wear 
track  was  consistent  with  this  identification).  The  traction 
was  somewhat  reduced  by  the  prior  soaking,  but  not  very 
much,  in  the  case  of  the  TCP-containing  oil.  prior  soaking 
brought  the  traction  to  about  the  maximum  value  of  the 
base  oil;  however,  the  traction  was  almost  halved  when  soak¬ 
ing  was  eliminated.  On  the  other  hand,  without  soaking, 
the  traction  was  very  erratic  over  the  course  of  the  exper¬ 
iment,  exhibiting  steep  rises  as  well  as  drops.  It  was  difficult 
to  obtain  reproducible  running  limes  toward  scuffing  in  that 
case. 

Comparison  of  the  traction  curves  of  Fig.  7  shows  a  sharp 
increase  near  -100  seconds  for  all  cases  except  the  base  oil 
without  soaking.  As  this  increase  apparently  corresponds  to 
scuffing,  it  would  seem  that  TCP.  in  general,  does  not  delay 
scuffing. 

Figure  8  shows  a  series  of  profiles  within  the  wear  track 
of  the  plate  contact  liefore  and  after  acid  treatment  for  zero. 
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Fig.  •— Effect  of  add  proba  on  contact  region  roughnaaa  aa  acutflng 
condltlona  ware  approached.  Roughnaaa  la  defined  aa  the  area 
under  the  trace  of  the  aurfaca  profile,  which  la  bounded  by  the 
horizontal  line  repreaandng  the  "canter  Hne  average."  Curved  1, 
2,  and  3  rapreaant  baae  dl  without  TCP  or  prior  aoekkig,  baae 
oH  without  TCP  but  with  prior  aoaking,  and  baae  ok  with  TCP 
and  prior  aoaking  for  three  houra  at  ambient  temperature. 


20  seconds.  40  seconds,  and  60  seconds  of  running  time 
(after  scuffing  in  this  particular  experiment.  The  time  to 
scuffing  did  not  always  reprtxfuce.)  It  is  clear  that  the  reac¬ 
tivity  of  the  plate  contact  changed  continuously  with  run¬ 
ning  time  and  liecante  particularly  large  after  scuf  fing.  For 
example,  the  asperity  of  the  next-to-the-last  profile  (after 
scuffing)  became  a  valley  on  acid  treatment. 

The  profiles  of  Fig.  6  were  obtained  with  the  Ixise  oil 
lubricant  without  soaking  prior  to  running.  When  the  pro¬ 
files  lie  (ore  acid  treatment  are  examined  as  a  function  of 
running  time,  a  slight  increase  of  roughness  can  lie  seen  up 
to  the  scuffing  transition,  which  is  accompanied  by  a  large 
increase  of  roughness.  In  general,  the  acid  prolie  produced 
a  profile  of  changed  roughness,  the  increase  nearlv  corre¬ 
sponding  to  the  running  time. 

In  order  to  evaluate  the  profile  changes  produced  In  the 


acid  probe  reaction  and  thus  get  a  measure  of  the  surface 
reactivity  toward  alcoholic  hydrochloric  acid,  the  standard 
center  line  average  method  was  used.  That  is,  a  center  line 
parallel  to  the  horizontal  axis  was  drawn  in  such  a  way  that 
areas  bounded  by  the  profile  and  the  center  line  were  equal 
above  and  below  that  line  and  these  areas  were  used  as  the 
reactivity  measure  sought. 

In  other  words,  the  change  of  roughness  so  defined  is  a 
function  of  the  action  of  the  acid  with  respect  to  the  surface. 
Figure  9  shows  plots  of  these  roughness  changes  produced 
by  the  acid  probe  as  a  function  of  operating  time  for  three 
of  the  conditions  of  Fig.  8.  Without  soaking  and  with  only 
the  base  oil  used,  the  reactivity  is  seen  to  increase  very  rap¬ 
idly  corresponding  to  the  early  scuffing  noted  in  Fig.  7. 
With  soaking,  the  reactivities  prior  to  scuffing  are  greater 
when  TCP  is  present,  but  the  sharp  increase  of  surface 
reactivity  subsequent  to  scuffing  occurs  at  nearly  the  same 
time  for  both  the  TCP-containing  oil  and  the  base  oil  near 
400  seconds  of  operating.  400  seconds  was  also  the  time  at 
which  traction  sharply  increased  in  these  cases  (Fig.  7).  As 
a  matter  of  fact,  for  the  base  lubricant,  the  profiles  became 
smoothed  (or  hardly  changed)  as  a  result  of  the  acid  probe 
prior  to  scuffing. 

Figure  9  also  shows  the  very  high  reactivity  toward  the 
acid  probe  of  the  TCP-soaked  surface  before  any  traction 
at  all.  It  is  higher  than  any  reactivity  noted  after  running. 

To  confirm  that  the  reaction  within  the  scuff  mark  was 
much  greater  than  without,  a  profile  was  obtained  at  the 
edge  of  the  scar  before  and  after  acid  treatment  (Fig.  10). 
The  scar  was  “filled  in"  after  acid  treatment.  There  was  very 
little  change  outside  the  mark. 

In  order  to  investigate  the  nature  of  the  material  in  the 
scuff  mark  further,  the  plate  was  barely  polished  and  etched 
with  nital.  Figure  1 1  shows  that  material  within  the  mark 
did  not  etch.  The  half-circular  appearance  of  the  mark  would 
seem  to  indicate  that  the  normal  to  the  plate  made  a  slight 
angle  with  the  direction  of  the  load.  When  the  plate  was 
polished  a  little  bit  more,  the  unetched  material  disap¬ 
peared,  even  though  some  of  the  grooves  still  remained. 

CONCLUSIONS 

It  would  seem  that  a  metallurgical  change  is  produced 
on  scuffing  and  even  earliei — though  to  a  much  smaller 
extent.  This  change  is  long-lasting  and  responsible  for  rapid 
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changes  of  profile  on  treatment  with  dilute  alcoholic  hy¬ 
drochloric  acid.  It  should  be  emphasized  again  that  our 
measurements  are  carried  out  on  a  microscopic  scale.  The 
more  macroscopic  (microscopic  in  a  plane,  but  not  depth- 
sensitive)  metallurgical  etching  tests  showed  the  presence 
of  a  thin  layer  of  a  different,  and  apparently  inactive,  non¬ 
etching  phase.  It  would  appear  that  the  new  phase  of  Fig.  11. 
which  is  resistant  to  etching,  is  the  same  or  similar  to  that 
reported  by  Rogers  (7)  for  diesel  piston  rings. 

At  this  time,  no  positive  identification  of  the  reactive  phase 
has  been  made.  Metallurgists  identified  some  highly  cor¬ 
rosive  material  when  tempered  martensite  was  heated  to 
about  400°C  and  associated  it  with  exceedingly  small  gran¬ 
ular  masses.  Our  calculations  based  on  Archard's  procedure 
show  that  we  could  certainly  have  exceeded  this  tempera¬ 
ture  in  our  bail/plate  setup.  These  small  grains  set  up  elec¬ 
trochemical  cells  and  their  conglomerates  can  produce  rel¬ 
atively  high  potentials.  Perhaps  these  grains  are  so  small 
that  etching  at  the  grain  boundaries  is  not  noticeable.  This 
same  high  reactivity  can  then  lead  to  scuffing  with  the  ap¬ 
propriate  lubricants. 

The  behavior  of  the  TCP-containing  lubricants  and  pre¬ 
sumably  TCP-coated  surfaces  resulting  from  it  is  somewhat 
different.  Indeed,  steel  surfaces  scuffed  are  also  more  re¬ 
active  than  the  steel  surfaces  just  soaked.  In  fact,  the  original 
M-50  surface  is  almost  inert  toward  the  probe  but  after 
exposure  to  TCP  it  becomes  exceedingly  reactive.  A  possible 
explanation  is  a  surface  layer  of  phosphide  or  phosphate 
as  shown  by  Shafrin  (d),  which  changes  rapidly  during  wear. 
The  work  of  Faut  and  Wheeler  (8).  showing  that  TCP- 
coated  surfaces  of  M-50  steel  exhibit  less  friction  when  heated 
beyond  a  characteristic  transition  temperature  of  218*C,  in 
their  case,  is  consistent  with  our  observations,  viz.  downward 
shifts  in  traction  for  the  TCP-containing  lubricants  which 


were  never  observed  in  the  absence  of  TCP  and  a  partic¬ 
ularly  large  reactivity  for  the  TCP-soaked  but  not  rubbed 
steel.  Their  results  were  also  explained  in  terms  of  chemi¬ 
cally  different  surface  layers.  Work  now  in  progress  in  our 
laboratory  is  aimed  at  the  chemical  analysis  of  these  layers. 

It  would  appear  that  steel  surfaces  approaching  or  after 
scuffing,  having  been  exposed  to  high  temperatures,  are  also 
much  more  reactive  at  ambient  temperature,  at  least  toward 
diluted  hydrochloric  acid. 

Conversely  then,  such  a  probe  reaction  can  be  very  useful 
to  determine  scuffing  tendencies  for  different  solid  mate¬ 
rials  and  lubricants. 
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,4«  ester  lubricant  bare  nil  containing  one  nr  more  standard 
additives  to  protect  against  wear,  corrosion,  and  oxidation  was  used 
in  in i  experimental  balllplate  elastahydrmlxnumie  contact  undei 
load  and  speed  conditions  such  as  to  induce  sniffing  failure  in 
slant  limes.  Hath  the  ball  and  the  plate  tine  identically  treated 
M-50  steel.  AJtei  various  prruuls  a]  opnating  time,  the  wear  hack 
on  the  plate  was  examined  (a)  with  an  interference  microscope  of 
±  30  A  depth  resolution  and  (b)  sometimes  also  with  a  scanning 
elhpsometer,  and  (c)  a  scanning  Auger  spectrometer.  The  optically 
deduced  surface  profiles  varied  with  wavelength,  indicating  the 
presence  of  surface  coatings,  which  were  confirmed  by  the  other 
instrumentations.  As  sniffing  was  approached,  a  thin  t  —  100  ,4) 
oxide  layer  and  a  caihide  layer  fanned  in  the  wear  track,  in  par¬ 
ticular,  when  tncresylphospliale  untiwear  additive  was  present  in 
the  lubricant.  The  rates  of  the  formation  of  these  layers  and  their 
i eactn  Uy  toward  dilute  all oholic  H('.l  depended  strongly  on  the 
Inhinant  and  additives  llased  an  these  results,  suggestions  fro 
improved  ftirniulnllons  and  a  test  metlunl  jm  hearing  leliability 
niiild  he  proposed. 

INTRODUCTION 

In  t-atlier  "oik  lit,  i-i  ss  u  It  an  ■  >|  >i  i<  a  I  |ni>liliuneiei .  "e 
showed  llial  preceding  si  idling  lailuie  die  wear  nark  nl  M- 
50  allnv  steel  tiearings  operated  undei  el.isinhidioilvu.niui 
•a  mivd  Inin  n  at  ion  bet  nine  mole  nuiine  Imtaid  Indio- 
i  hint  n  ai  id  \|n  I  osi  opn  i  hump  s  ul  die  opiu  ai  Mil  tare  pi  n- 
1 1 If  "ere  used  as  nieasiues  ot  reaimin  1  lie  pieseiue  m 
al'sein  e  ol  (I  n  i  ess  Iplutsplt.iff  addilne  in  the  lulu  n  ait  mg  i  ul 
"oulil  have  lonsideralile  iiiliueiu e  on  die  pioliles  ol  die 
I  nut  mg  siirhu  es  ei  en  heloie  expuswe  u>  tin-  In  dim  him  u 
ai  ul  piolie  I-  in  i  Ini  inoi  e,  out  similes  siioned  dial  I  (.I’m 
a  lulu  ii  an  l  "on  Id  reiltii  e  lx.it  mg  liai  lion  signihi  anils  at  lei 
soaking.  In  a  related  stinlv,  Kant  and  Wheeler  < 5 1  showed 
tltal  the  friction  nl  TCP-lubricated  M-50  bearings  would  lie 
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reduced  by  30-50  percent  when  the  contact  temperature 
exceeded  a  critical  value  in  the  neighborhood  nl‘2IH*C.  the 
exact  temperature  depending  on  environmental  conditions, 
notably  the  presence  of  oxvgon  and  moisture.  Such  a  de¬ 
crease  of  friction  bv  cltemirallv  active  additives  which  exhibit 
poor  luhricant  action  .it  low  ic-iiiperaturc-s  was  explained 
much  earlier  by  Bowden  and  l  abor  (- f )  by  a  chemical  re¬ 
action  leading  to  the  formation  of  a  protective  film.  How¬ 
ever,  neither  they  nor  orher  workers  conclusively  identified 
the  nature  of  the  film  generated  by  TCP  or  other  lubricants 
and  compared  the  surface  with  that  outside  of  the  wear 
track.  The  changes  in  profile  we  found  could  lie  explained 
only  in  terms  of  a  difference  of  chemical  composition  on 
the  surface.  Indeed,  the  appearance  of  the  wear  track  after 
short  failure-free  I  searing  operation  is  often  more  likelv  a 
manifestation  of  a  chemical  change  on  the  surface  than  of 
mechanical  wear. 

In  tin-  present  siuili.  we  t-Memled  die  pies  ions  mea- 
suienieiils  in  additives  mliei  ill, hi  I  CP  ami  to  more  opet- 
aiing  conditions  anil  deseliipcd  more  sophisticated  lei  h- 
nii|ucs  | c a  the  i  Ileum  al  and  plis'ii  .il  .iii.iI\s!mi|  die  sui  l.u  es 
ailing  die  weal  Ii.h  h  \  ui*»ie  i  *  uti  lusite  uli-filifii  uliun  ul 
l  lie  i  le  "  me  i-tlltu  gu  .if  pic. -e  I  * -ii  i  ii  I  ui  1 1  ii  i-  i'ii  1 1 .  ii  L .  will,  1 1 
was  lelilameli  i  on  side  led  ,i  i  .u  luile,  ii  as  amilfiel  ulijei  in  e. 
A  high  sp.m.il  lesnliiimii  "as  iei|Hlle«|  slim*  the  phase  ui  - 
curretl  in  small  patches  In  .idilitinii  in  an  iiiipmsed  version 
of  I  lie  phase  I* n  kei  I  inlet  lei  en  e  -nil  1 1  >s,  <  i|ie  'Pl.lMlul  i  uir 
eailiei  "uik  in  eli  i  Imhiii  i-lh|.s,uiii'ir  i  ami  an  \ngcr  elci  ■ 
linn  s|m-i  II  uuictet  spei  i.illi  ai  la  pled  h  <i  dns  "ni  k  "el  e  I  nil  ml 
In  lie  pai  In  iil.u  h  tlscl  ul 

MATERIALS 

Lubricants 

In  in  del  m  ex. mime  the  el  lei  i  nl  <lil  ti-i  c-m  .tilt  limes  sep¬ 
arately  ami  together,  die  same  hast-  stink  was  used  with 
dillerent  additives  in  the  same  i  nmenti  annus  as  in  the  lulls 
formulated  luhricant  package  I  he  latter  was  designed  to 
represent  the  Mll.-I.-'J3t»W  standard  All  lubiicaiils  were 
prepared  for  its  bv  NASA. 
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I  lie  Itase  Mock  was  the  same  puce  synthesized  ttiateii.il, 
triinethvlol  projrane  iriheptanoate  (TMPTH),  used  in  our 
earlier  study  and  described  in  its  paper  ( 2 ).  The  lubricants 
were,  in  addition  to  the  base  stock,  solutions  in  the  base 
sunk  of 

1.  0.0209  percent  by  weight  of  bcuzottiazole  (BT7-),  a.-' 
corrosion  inhibitor 

2.  1.036  percent  by  weight  of  dioctyldiphenylnntine 
(DODPA),  an  antioxidant 

3.  1.036  percent  by  weight  of  phenyl-alpha-naphthyl- 
attiine  (PANA).  also  att  antioxidant 

I.  2.35  percent  by  weight  of  the  atniwear  additive  tri- 
eresvlpliosphate  (TCP) 

5.  all  the  alxtve  adilitives  in  the  same  cniicciiiiatinns  to- 
getlier,  forming  the  fully  formulated  oil.  generit  MIL¬ 
L-23699  (G- MIL-99) 

Probe  Solution 

The  probe  solution  was  ().04-M  hydrocbloric  acid  in 
ethanol. 

Bearing  Metal 

Both  coni|M>neiils  of  the  ex)>et'hnetital  hall/platc  cont.ict 
were  made  of  the  same  allot  steel  (M-ath  and  heat-treate<l 
the  same  way  according  to  die  manufacturer's  specifications 
by  a  local  heat-treatment  company.  The  (martensitic)  steel 
had  the  following  composition:  0.80  percent  carbon.  4.10 
percent  chromium,  1.00  percent  vanadium,  and  4.25  per¬ 
cent  molybdenum.  Its  hardness  after  heat  treatment  was 
62-63  (Rockwell  C). 

The  samples  were  20.6-mm-diameter  balls  and  10  x  12 
x  3  mitt  plates,  the  plate  dimensions  determined  bv  the 
inlet  svsteni  of  the  scanning  Auger  spectrometer. 


APPARATUS  AND  EXPERIMENTAL  CONDITIONS 
Ball/Plate  Sliding  Contact 

In  llii>  lie.  .in  M-."itl  Inuring  hall  ol  Jn  ii  mm  di.unvici 
ioiiIiI  he  lot. lied  In  a  Itoii/ontal  shall  suppmli-il  hv  two 
In -a i  mg-  mil  th  n  i'll  In  an  i 'li a  it  h  motor  I  ho  lull  na-  loaded 
tiom  above  In  an  M-Ml  plate  Mtppoileil  In  lineal  Ix-aung- 
mi  a  hot i/. nil. il  loading  platloini  in  Midi  a  n.n  dial  die 
(rietton  (orte  developed  in  the  contact  could  lx?  determined 
(torn  die  strain  generated  in  a  leaf  spring  connecting  die 

plate  with  llle  loading  pi. idol  in  I'm  dll'  purpose,  a  'Ham 
gauge  was  mounted  on  die  leal  sptittg  and  rli-i  rt  h  alh  n 
mated  in  the  stautlard  wav.  The  load  could  lie  sailed  In 
hanging  weights  on  the  loading  platlmm.  I  lie  lulu  »  . ini' 
weie  injet tetl  into  the  com. hi  Irmn  a  reset  mu  at  aiulueni 
tempet. nitre  hv  a  |»eii'lalli(  pump  No  attempi  w.i'  made 
io  deaerate  the  hthiitatils  m  to  tonttol  the  aimo'plu  ie  ol 
the  ioiu.it  t  region. 

fhr  maxunutn  Hertzian  pressure  was  ti.l  GPa  in  all  the 
experiments  reported  here.  The  ball  speed  was  220  reso¬ 
lutions  (ter  minute,  corres|xmditig  to  0.2  m/s  linear  s|ktiI. 
The  duration  of  event  run  was  30  minutes  at  which  time 
the  traction  forte  had  leached  a  near-steads  value. 

No  attempt  was  made  to  control  the  contact  temperature 


or  to  measure  it.  However,  an  estimate  of  the  maximum 
surface  temperature  rise  based  on  Winer's  calculations  0) 
indicated  that  the  temperature  could  have  exceeded  220“C, 
the  critical  temperature  for  TGIVsurfnce  reaction  according 
to  Faut  and  Wheeler  (?). 

AC  Phase-Locked  Interference  Mfcroscope  (PLIM) 

The  instrument  used  in  this  investigation  was  essentially 
'  the  same  as  the  one  used  previously  (i),  (2).  It  was,  however, 
improved  by  a  su|>erior  photodetector  and  miscellaneous 
changes  of  circuiirv.  Thus,  the  quality  of  the  reference  mir¬ 
ror  and  vibrational  stability  are  nosv  the  major  limitations 
to  higher  accuracy.  At  this  time.  ±  30  A  in  depth  and  0.5 
ti.ni  along  the  surface  plane  are  the  limitations. 

ft  was  mentioned  earlier  that  surfate  porfiles  measured 
by  the  I’LIM  (or  any  other  optical  profile  meter)  are  dif¬ 
ferent  from  those  measured  with  a  stylus  profile  meter. 
Since  an  understanding  of  this  difference  is  important,  a 
careful  analysis  of  the  phenomenon  was  made.  The  follow¬ 
ing  brief  description  should  convey  the  essentials. 

Comparison  of  Optical  and  Physical  Surface  Profiles 

It  will  l>e  recalled  that  any  interferometer  such  as  the 
1*1.1  M  compares  a  reference  path  length  to  an  unknown 
length  l>\  means  of  a  light  Ireatn  (laser  beam).  In  our  case, 
the  distances  from  the  beamsplitter  to  the  vibrating  refer¬ 
ence  mirror  and  to  the  surface  to  be  profiled  are  compared. 
If  the  distances  are  equal  or  differ  by  half  a  wavelength  (i.e. 
a  full  wavelength  of  optical  path),  a  bright  fringe  will  be 
focussed  on  the  detector;  if  the  distances  are  not  equal,  a 
servoloop  of  the  PLIM  will  apply  a  voltage  to  a  piezoelectric 
crystal  to  move  a  mirror  to  make  the  distances  equal  and 
this  voltage  will  be  plotted  and  read  in  terms  of  a  profile 
change.  However,  phases  are  compared  bv  the  laser  beam, 
not  real  distances,  for  the  position  of  the  fringes  depend 
nnlv  on  phases.  Phases  are  changed  on  passage  through  a 
medium  as  well  as  on.  reflection.  Figure  I  gives  a  schematic 
ill. iwicig  ol  the  l.i'ct  interferometer,  showing  the  two  Iteams 
Ix’ing  compared.  If  a  slab  of  a  transparent  material,  e.g. 
glass,  is  iniMnlui  cil  into  one  ol  the  Iwattis,  the  instrument 
iv ill  i n  onl  a  i  h.mgo  ei en  though  the  stir (ai  e-lu-lieantsplit- 
1 1 * i  ili'iaoi  i‘ was  tioi  i  haugt-d 

l  igior  2  'lions  the  .u  Inal  situation  neat  the  mii  I.h  e  to  lie 
ptolilcil.  (  lie  lens  I ultilK  seieial  limctions;  it  Ionises  the 
laser  beam  on  a  small  area,  thus  giving  us  spatial  resolution 
and  gtealet  brightness,  it  limits  the  range  of  the  angle  ol 
mi  iilrtii  e  anil  ii  limits  the  range  ol  the  angle  ol  I ellei  luiti 
tli.ii  i  an  iiiiiiu  i.uli.mivii  in  i|i«-  PLIM  and  In-  iletettctl. 

I  litis,  angles  ol  imiilenie  anil  lelleition  are  limuetl  to  — 
to  l  igme  2  alsti  'lions  a  ihin  sin  l.n  e  lasei  assumed  to  he 
iiniliu  in  In  I  e  loi  'ittqtlii  it s 

\  Mioie  u. ill'll!  'Mil  ne  lavci  is  vlniivti  ill  lug  t  in  the 
I  m  Mi  ol  a  n  edge  I  he  soli'l  I  ate  is  .i"Utncd  to  In-  u .  mi.  ha  i  trig 
a  1 1 nil) lies  mites  ol  i i-t I  at  Iton  n  -  l  a-1  li/  I  he  wedge  is 
assumed  to  lx*  an  iron  oxide  lor  with  h  the  dilleient  iudii  es 
of  rel faction  shown  in  the  ligme  base  Iteeu  usetl  in  the 
sompntatiou  and  ol  tl,  |  pun  maximum  tlm  knrss.  These  val¬ 
ue'  are  reulistit  lor  Ix-aring  surlates.  1  lie  top  drawing  in 
this  hgure  represents  the  ph\sn  al  profile  ol  the  wedge.  1  lie 
next  plot  is  the  optical  path  dillerente  without  taking  the 
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Fig.  3— Clot#  up  ot  light  path  naar  aample  aurtaca 


phase « lunge  on  lellectioii  iiiio.n  omul  I  In*  billowing  plots 
.nr  those  dun  would  lie  aciu.illv  retiii(l«l:  clip.  in.  hide  I  mill 
tlie  opt Kal  path  tliffetencp  and  (lie  phase  change  mi  re- 
lie.  lion.  Clearly,  llte  rc.ord.tl  profiles  were  unite  dillt-rem 
linm  the  actual  physical  profile.  Dillerent  wavelengths  will 
ailed  the  phase  profiles  liecause  the  complex  index  ol  te- 
fraction  (optical  constants)  changes  with  wavelength.  The 


stale  «>(  polarization  of  die  laser  liglu  can  also  ailed  the 
profile. 

Our  analvsis  has  shown  that  the  thickness  of  the  oxide 
later  and  its  optical  constants  are  inipoii.uit  (actors  ie- 
sponsihle  for  the  difference  between  physical  and  optical 
profiles.  Oxide  layers  as  thin  as  0.03  pm  or  300  A  can  have 
drastic  effects. 

Is  it  possible  to  deduce  the  true  physical  profile  from 
optical  profiles?  The  answer  is  a  qualified  "yes,”  if  optical 
profiles  have  been  olxained  for  different  angles  of  incidence 
at  different  wavelengths  and  perhaps  also  for  different  po¬ 
larizations.  In  other  words,  the  optical  constants  (complex 
indices  of  refraction)  of  both  film  and  substrate  must  be 
determined  from  the  prolile  differences.  If  thev  are  known 
otherwise,  say  front  eliipsometer  data,  then  the  calculations 
become  much  simpler.  In  attv  case,  dil Terences  between 
optical  prolile'  at  dillerent  wavelengths  ot  between  optical 
and  physical  profiles  are  proof  of  the  presence  of  surface 

llllllS. 

Faraday-Modulated  Electronic  Recording  Scanning 
Eliipsometer  (ESE) 

A  technique  appiopi  ute  lor  the  ine.isiueineiil  ol  the  t Inn 
stir  lace  films  we  tound  geueiaied  in  weai  tracks  of  ela«to- 
bv di iwlwumiw  i  ont.ii  ts  is  rllqi'nincti '  I*  w as  nei  ess.u  v  to 
in. ike  die  ellispomeiei  sp.m.ilh  si  .inning  and  m  mipiose  its 
seiisitiMiv  sulfieiemls  to  allow  idem ihi anon  ol  the  smi.iie 
materials,  Angei  elect  i  on  sped  mst  op\  (  \IS).  wln<  h  wealso 
used.  •  an  also  idettttls  suthue  in.iieii.ils  I  he  ni'lihi  .nions 
loi  li.o  iug  an  ellipsonietei  .ue  not  dil  In  till  to  state:  Ml  I-  SI- 
is  lastet  and  easier  to  use  than  AES  sun  e  n  does  not  lequite 
,t  vacuum;  lor  the  same  reason  it  mas  also  he  more  realistic, 
<b)  KSK  can  supplement  AKS  since  it  depends  on  molecular 
roni|H>sitions,  while  AKS  basically  will  detect  only  atomic 
s|>ecies.  and  (c)  ESE  can  lie  used  directly  to  measure  lilm 
thickness,  while  film  thickness  measurements  hv  AKS  re¬ 
quire  ion  milling,  i.e.  sputtering  with  argon  tons  On  i he 
other  hand,  ellipsometrv  is  an  indirect  and  less  sensitive 
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Fig.  3 — Comparison  of  opttcftl  and  pbyxic*  profllM.  Tho  wodgo-thapod  Iron  oxtd*  layar  shown  at  tha  top  can  ba  transformad  Into  tha  aaap  atap  at 
tha  bottom  by  variations  of  tha  absorption  Indax.  _  _ 


method  o(  analysis  than  AES.  Clearly.  it  is  advantageous  to 
(omhiiie  EbE  wi»h  AES  ;mii  this  was  done  in  this  iiimmi- 
Ration. 

Since  ellipsomrti  \  lor  tlie  sittdvol  heat  ini*  stn  lac e  text  me 
was  verv  well  deviihed  In  Voilniigct  and  l.udetna  t'»)  and 
\|M(C  .in  rMrtNM’  ,illli  lc  oil  oin  IM  w  ll!  I><  published  else 
when-,  onlv  a  Intel  description  ol  out  appai.ilus  will  he 
given  here.  A  »c  hematic.  di.tgi .mi  ol  the  laiadav  -modulated 
ellipsometer  is  shown  in  Fig.  -4.  This  is  the  ellipsotneter 
originally  designed  In  Monin  atid  Botiirv  <7).  which  was 
mod  tiled  In  \i  i*\  Sul  In  and  Mom  c*  at  the*  t  it  net  min  o|  Kim  (i 
esiei  t.V)  and  now  hv  us  Kadtalioii  Iioiii  the  I.imm  sotn*e  s 
is  |xilait/ed  hv  the  polan/ei  /\  wliose  a/imnth  of  vihtatton 
with  ic*spi*(l  to  the  plane  ol  incidetui*  is  ♦).  On  relfec  turn 
Iioiii  the  sample*  surface  .\f.  the  pl.ine-|M»lai i/ed  ladiaiioti 
has  hniimi-  elliptic  alls  polaii/ed  I  he  angle  ol  the  semi- 
ma]oi  i\j\  of  die  ellrpse  and  the  plane  ol  incidence'  is  \  (  / 
is  a  laiadav  modulator  consisting  ol  a  snlettoidai  toil  with 
a  Faradav  glass  cylinder  at  its  axis.  I  lie  magnetic  held  gen¬ 
erated  In  t lie  coil  causes  the  a/inuith  ol  |H>lart/ed  tadiation 
of  the  light  traveling  along  the  axis  of  the  cvliwlei  to  l>e 
changed  propm  tintialk  to  die  magnitude  o(  the  magnetic 
field  and  to  the  length  of  the  cylinder,  ihe  pro|>oMiotii!jrv 
constant  being  called  the  Verdet  constant.  This  phenome¬ 


non  is  known  .is  the  Faradav  el  led.  The  coil  is  driven  hv  a 
.'a )tl- 11/  os<  ill. not .  causing  the  magnetic  held  to  van  with 
that  Irecpiemv.  Ilv  the  Faradav  elfeci.  the  inc  lination  angle 
oj  the  pol.it  i/ation  ellipse  with  respect  to  die  plane  <»(  in¬ 
cidence  is  also  v  .n  led  with  i  lie  same  f  it  queue  v  Mon  in  and 
lh*uii\  iisi'd  :  i  .i!istuis«|i  »u  dnoiigh  «  ♦  v  1 1  ti<  lt‘i  »*l  w.ilet  t  • 
modi  i  Lit  i-  i  he  >  III  pile  all  v  po|,u  i/ed  i. id  tat  ion  instead  of  Fat  - 
adav  glass  <  \  in  i  imim-doped  glass*.  I  he*  I  aiadav  glass,  hav¬ 
ing  a  imu  (i  (ai  get*  Verdet  coefficient.  picKluces  an  order  of 
magnitude  gieaiei  oscillation  amplitudes  and.  therefore, 
stiongei  signals  illi  nviug  f  lie*  ciltpsoitK'l  i  if  aualv  *cs  of  sam¬ 
ple  a  I  eas  ,0  m  null  as  1 1 R •  pan  diamelei  oi  less  I  he  ladiatioii 
Iioiii  the  Faradav  uiodularot  is  passed  through  the  (Vilai- 
i/aiion  uiaiv  /ei  \  ol  a/mmth  (5  and  is  tmallv  detected  hv 
(he  photo*  *  II  .»  |  f||(  if*  •  mi  i  ll  (pile!  /*W 

l  aiadav  glass  ,\.is  used  hv  Sullo  |V)  Out  msiitmieni  uses 
itui  s* -p.u. in*  Faradav  modulator s  in  series  instead  ol  die 
one  shown  in  Fig.  I  I  he  Inst  luodulatoi  contains  a  10-c.m- 
long.  O.fi-c ni-diametei  Faradav  glass  cylinder  (three  times 
as  long  as  Sullo  s)  and  the  second  a  Faradav  glass  cylinder 
ol  .‘Edit  length  Ihe  current  in  the  lit  si  coil  is  modulated 
with  a  500-11/  dequeue  v,  tmt  the  current  in  the  second  coil 
is  direct  tut  rent.  II  the  analv/ct  .ingle  3  **  ecju.il  to  die  true 
azimuth  y.  the  radiation  detected  at  the  500- Hz  frequency 
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Fig.  «— Schematic  drawing  oi  aUlpaomatar  [m  discussion  In  ttvs  Hut; 
from  Rat.  (*)]. 


Fig.  S— OsMrmtnattan  ot  ttw  allipaomatar  paramatara  (aaa  dlacuaaion  in 
tha  taat;  from  Rat.  («)). 


bv  phase-sensitive  electronic  detection  is  zero  and  the  elec¬ 
tronic  svstem  is  ''locked.''  At  the  same  time,  the  amplitude 
of  the  first  harmonic  (1000  Hz)  is  monitored  to  make  sure 
it  is  nonzero.  If.  however,  the  amplitude  detected  at  500 
11/  is  non/ero.  an  ei  for  signal  is  used  to  add  «>  the  DC  bias 
oi  the  second  Faraday  toil.  This  adtls  a  DC.  intaliun  to  the 
| h >la i i/attott  a/itruith  emerging  from  the  l-aradav  tells  and 
is  et|tiivalent  to  rotating  the  anah/er.  1'he  direction  of  the 
biasing  depends  on  whit  It  ‘ide  o(  the  null  the  anah/ei  is 
at  W  hile  the  DC  hi, is  cottltl  he  applied  to  the  saute  toil  as 
1 1  it  \f  a-  «  is  done  fit  the  Siill*>  tetsimj  having  t  ss « «  in- 
ill  petnlcttf  W  .mil  DC  toils  pi  I  it  lilt's  |m  ninth  gle.uel 
expel  iineiil.il  lleMhilni  and  I  herein  extends  die  lunge  n| 
the  instrument. 

S  aiming  ol  a  sample  surl.it  e  is  done  In  nun  ing  the  sam¬ 
ple  \)  pat  .diet  t"  us  plane  w In le  i et  oiihng  die  i  oi  i e* ponding 
i  I t.ntge  in  IX  bias  I  hit-  olds  die  i  b  inge  in  u/untillii  iA^I 
is  ploiietl  idle  greater  poiMoii  is  sei  In  die  uiialwei  angle 
dl  anil  llie  ntsll  nuieiil  is  seii'itlte  lo  ext  I  finely  small  >  hinges 
lilts,  ol  ionise  is  the  tn. nil  table  ol  eleiti.uui  deieiiimi 

anil  si  aiming 

I  Inis,  die  method  ol  nie.isineinenl  *  on-isis  esseulialh  ol 
thieilmg  a  Ix’.tm  ol  Imeails  pol.m/ed  light  at  olilttpie  in- 
utlence  onto  the  hliii-cmcred  surface.  the  thickness  and 
retractive  mtlex  ol  the  him  lietug  detet mined  he  analysis  ol 
the  relleeted  ellipticallv  polarized  lieatu  I  he  analysis  ol  this 
elliptical  sihralion  can  l>e  carried  nut  in  a  nuuibei  ot  «,m, 
the  most  commonly  adopted  one  tin  oh  tug  the  measine- 
ment  of  the  parameters  A  and  ife;  A  represents  the  phase 


tlillcrence  lietweeti  the  relleeted  )>  anti  t  cotu|xmeiits  vi¬ 
brating  parallel  and  jterpendicular  to  the  plane  of  incidence. 
res|KCtively,  yvhile  tan  t|i  is  the  ratio  of  the  reflected  ampli¬ 
tudes  fph\.  The  calculation  of  A  and  i|i  t  an  l>e  done  numer¬ 
ic. illy  ot  graphically  as  shown  in  Fig.  5.  Sets  of  6  anti  y  arc 
determined  for  locations  oil  the  sample  surface  by  a  number 
of  scans  at  different  angles  of  polarization  and  plots  such 
as  the  one  of  Fig.  5  are  drawn  for  every  location.  The  slopes 
of  the  y  vs  6  curve  at  y  ■  0,  45,  and  90*  then  provide  the 
values  of  A  and  tit.  Once  A  and  4>  are  known,  the  index  of 
refraction  »  and  the  liltn  thickness  1  ran  Ik  calculated,  hut 
since  »  is  complex,  consisting  i>r  two  variables,  more  than 
two  measmcincuis  are  needed,  e.g.  at  more  angles  of  in¬ 
cidence.  (not  just  at  15*1.  different  wavelengths,  etc.  The 
couipiitatioiis  i.ui  heroine  iptite  extensive,  hut  are  easily 
|R*rformcd  on  a  small  lalmratorv  computer. 

RESULTS 

Tractions  and  Surface  Roughness.  Effect  of  the  Acid 
Probe 

Figm  e  <>  show  s  traction  curves  lt>r  the  tlil  len-m  Itilit  icauts 
alter  the  hall  and  plates  were  soaked  in  them  for  three  hours 
at  anihieut  temperature.  These  turves  ate  all  comparable 
except  for  the  two  antioxidants  DODPA  and  PAN  A  (low- 
final  traction)  and  for  the  fully  formulated  nil  (hig)i  final 
traction).  Hoyvever,  without  prior  soaking,  the  traction  with 
TCP  yvas  much  lower.  The  »|Ktaiing  conditions  yvere  such 
that  scoring  or  scuffing  would  occur  very  soon  for  the  fully 
fonmiated  oil,  thereby  allowing  us  to  maximize  the  differ¬ 
ences  with  respect  to  scoring  or  sculling  for  the  additives. 
From  these  results,  differences  iKtween  the  liearing  sur¬ 
faces  lor  the  antioxidants  and  the  TCP  without  soaking  and 
the  other  additives  could  Ik  inferred.  To  check  this  idea, 
the  surface  roughnesses  ol'  Table  1  were  determined  I  ruin 
the  optical  profiles  I  lie  same  tlala  yveie  plotted  in  Tig  7 
these  toughnesses  yveie  obtained  .is  lollnws:  A  tenlcr  line 
was  |«isiiiouetl  1 1 1 ii nigh  the  optical  profile  met  a  distance 
/,  in  su<  h  a  w .o  tli. u  the  sum  ol  die  ,u eas  uudet  the  profile 
<myc  .ilmyt  /  was  tspi.il  lo  the  sum  ol  llie  aicas  below  / 

I  In  n  loiighfK  ss  was  ill*-  sum  ol  iho  ai»  i-  homnti  il  li\  / 
and  the  pi  >il ilc  illy  nleil  In  /  limes  the  y  el  I  u  al  uiagliili<  am  ill 
I  he  atittoxid.uils  Dt  HII'A  and  PAN  A  slum  die  least  i  lunge 
mer  the  measured  tune  period  within  the  error  limits.  IX  )DPA 
and  PAN  A  ale  also  die  only  liiluic.mts  giving  a  'igmluam 
ie<lu<  non  ol  lougluiess  m  die  initial  phase  ol  opeiamui 
w  lieu  die  a<  id  ptolie  was  .ip  plied  i  fig  X|.  Suite  these  ttlea- 
smeiueiiis  weie  made  in  sepal. ue  exp<  i iinenl'.  die  mil 
sistein  '  ol  I  he  1 1  ai  mm.  lougluiess.  ami  a<  id  pmlie  data  tiuisi 
lie  sigiulu  .ml  \iioihei  mleiesimg  obsely.uion  is  die  shat  p 
mi  i i*,ise  m  i el.uiy e  1 1 Highness  ,  lunge  aliei  .it  o (  IlealineiU 
(ot  l~ilh  If  1  /  anil  ItPtlig  N»  in  I  he  1iii.il  si  age  o(  die  hall 
plan-  iiiii.  w  lule  the  toughness  i  lunge  i  eiiuineil  alioni  1 1 in¬ 
stant  dining  most  o(  the  fun. 

A  t loser  examination  of  Fig.  7  reveals  some  interesting 
lortelatums  Since  llie  virtual  stale  is  ailmiaii  and  die 
coves  were  displaced  bv  arhitiarv  autotuits  to  avoid  <nn- 
fusion,  onlv  trends  are  significant.  I  he  lulls  hxnmlaietl  ml 
(G-MII.-W)  and  the  two  amine  additives  PAN  A  and  DODI’A 
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Fig.  t— Traction  traces  tor  different  lubricants  The  coordinates  are  iden¬ 
tical  for  all  the  plots. 


g.n  e  i  >se  In  toughness  pea  ks  at  .tin  mi  ’Jo  sniituK  I  he  I  nils 
lot  mill. ill’ll  ml.  (lit’  1 1. i-ii*  ml  .mil  It  1  /.  tin  .unit  m  losmu  .it I 
i  In  it  t*.  Ii.nl  roughness  peaks  .it  almui  SO  mi  mills  ( (lilt  I  ( .1* 
shots*  a  ties*  ending  sit  i|k’  Ih*\  mill  100  seconds  I  lie-e  1 1 1 1  - 
I  co  rtices  might  Im-  related  lo  the  loriitalion  ul  <hf  letent  mii- 
lace  oxides. 

If  the  additive  .n  It- 1 1  lit  producing  a  toil. nr  him  .dreads 
on  snaking.  llirn  our  might  at  ttrll  josi  utr  ihr  liatr  ml 
without  the  athlilivr  during  lie.iring  o|k’i.hioii  Fliis  pro- 


cedtue  was  lollottnl  in  flir  ex(R’i  imciils  dial  produced  the 
curve*  of  Fig.  9.  Heir  all  the  surface*  were  soaked  for  three 
hour*  in  the  respective  Itihricatits.  cleaned  and  dried,  and 
then  iintnediairlv  used  in  the  traction  test  with  clean  base 
oil.  flic  results  arc  ten  similar  lor  all  Inliricaiiis  witfi  flic 
notable  exception  ol  ltd’,  which  had  a  very  ninth  lotvci 
traction.  H  I  Z  was  the  next  lowest,  but  the  significance  of 
its  shift  with  respect  to  the  others  could  be  questioned.  How¬ 
ever,  HTZ  and  TCP  showed  similarity  before  as  was  pointed 
out  previously  (data  of  Fig.  8).  The  antioxidants  DODPA 
anti  PAN  A  and  the  fully  compounded  oil  had  the  highest 
traction  force  at  the  end  of  die  ex|>crinient. 

It  will  lx-  lulled  dial  die  curves  ol  Fig.  9  all  slo|>e  lip  while 
those  ol  Fig.  8  are  untsds  Hal.  I  lie  slope  is  esjiet iallv  high 
lot  lid1  I  his  Itch.ivim  lould  lie  ascribed  lo  die  removal 
m  i  liangc  ol  a  sin  late  him  or  to  a  change  in  the  surface 
nieiallntgy.  Just  soaking  in  the  additive  is  practically  inad¬ 
equate. 

Ellipsometry  of  Wear  Tracks 

In  l  ig.  H>.  i lu*  changes  n|  a/ituulh  with  distance  across 
the  wear  track  were  plotted.  I  lie  sample  (ball/plate)  was 
soaked  in  die  IT. I’  lulu  Irani  lor  three  hours  and  then  run 
in  die  hall/plaic  experiment.  ( death,  die  nature  of  die  sur- 
late  is  dillereui  inside  die  wear  natk.  I  lie  change  is  not 
caused  In  a  change  ol  reflecting  angle  lor  die  rellecied  laser 
lieam  is  very  restricted  by  afiertures.  When  the  angles  and 
corresponding  azimuths  were  changed  in  order  to  compute 
the  film  thickness  and  the  optical  constants,  the  former  came 
out  to  lie  alxiui  til)  A  at  the  maximum  ami  the  latter  cor¬ 
responded  roughly  to  FezO;t  by  comparison  with  the  data 
of  Kebcrknight  and  l.ustman  (9).  The  identification  is  ten¬ 
tative  and  not  unique  lor  lack  ol  reference  data,  which  will 
tic  obtained  later. 

Similar  hut  much  weaker  changes  were  found  over  the 
wear  true  ks  ul  the  other  lulu  u  .mis  containing  different  ad- 
diiiws.  J  lie  pielereiiiinl  production  of  a  thin  oxide  laver 
mi  we.n  nails  would  seem  lo  In-  general,  hut  is  strongest 
'm  those  piodturd  m  the  presence  of  T('P. 

Ii  should  lie  (minted  mil  ih.il  die  <  olio  lion  ol  data  such 
is  dio*e  ul  lag  HI  presents  problems  ililleiem  I  rum  those 

i  ! . I  I- lieu  •■ilq'-.miii’ti  \  is  used  with  dieli’iftii  sub- 

sli.uesi/oi  Mi  i-i  ellqiM  »iuel  i  u  wot  k  tnil.n  I  elel  s  in  ilielei  - 
Hus. mmI  setiiu  omiIiii  ioi  s  llit  i  nosi  import. ml  thlleiente 
is  lellertiviiv — high  lor  metals  and  low  lor  dielectrics  and 
semii  onilm  tot  s  Furl  lieu  nit  ire.  metals  have  a  complex  index 
ol  tell  ii  Hon  i wo  opn,  .i I  i  mi-i.uitsi.  ilielii  i lies  onb  a  real 
index  "I  n  il. ii  noil 

Auger  Electron  Spectrograms 

Sun  e  lliu  Hi  \  .  1 1 1  |  iii’M’iili’il  ,ui  e  vi  el  leu  I  I  e\  lew  of  die 
lei  I ui it |iu  i  •  u  applies  to  1 1  il n ili »g\ .  mill  die  t esiilis  w  ill  lie 
go  i  n  lu  i  e 

I  he  plates  weie  .mals/cil  allei  the  hall  e\|iei  imeills  with 
even  lulu  ii  am  I  liter  .lie, is  wen-  seleiled.  two  wiiliiil  the 
wear  Hack  and  one  ouisule  of  ii  lor  teletence.  After  die 
hall  ex|>ei iment.  die  sjietiuieiis  weie  washed  with  lots  of 
alcohol  and  allowed  todrv  and  nut  handled  or  treated  prior 
to  their  mu  mini  lion  into  the  Auger  spei  trom<  let  As  a 
control,  a  (mlishecl  M-fifl  plate  nut  used  m  a  hall'platc  ex- 
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Fig.  7 — Roughness  changes  with  operating  time  of  bearing  contact.  The  units  of  the  ordinate  are  arbitrary,  but  equal  for  all  the  lubricants.  The  curves 
for  the  different  lubricants  are  displaced  vertically  to  reduce  confusion.  Roughness  is  defined  as  the  area  on  the  optical  profile  plot,  which  is 
bounded  by  the  center  line  end  the  curves  above  and  below  for  an  arbitrary  distance. 


|»erinient  uas  included  in  the  set  of  Au^et  analyses. 

Figure  1  l  slums  an  Ainjei  sp*-c  n  mil  lot  a  1(11*  run  uiiliin 
the  near  Mar  prior  to  am  treatment  within  the  spectrom¬ 
eter  .  I  he  pi  iris  ipal  (teaks  have  Jteen  assigned  r c»  the elemenis 
( ..  < ).  (II.  Or.  and  h*.  Since  ( 1,  <  >.  ami  often  Cl  are  likelv 
otiiri  viirf.ii  r  niiiMtiiiti.iiinns.  a  tontine  o|  '«»n  milling  was 
adopted.  Spin  in  um  was  pel  h»i  med  nidi  .n  »i i  ions  in  mi.  h 
a  wax  th.it  ahoui  Hi  \  weir  i»*niovrd  pet  miititt t*. 

Alter  six  mimiies  nl  is  mi  hotuhai  duicui.  the  spectrum  of 
Fiq.  12  was  ohi. lined  Now  most  o!  the*  (1  and  ().  hut  not 
.ill.  hoc  removed  arid  dir  mm  peaks  hcic  id.ilndv  sttoii*»ei 
I  hr  I  I.  ex  idriidv  an  unpin  u  v .  dlsnppr.it  ed  \l  I  hr  o|  I -si  a  l 
| >♦ 'Mi o>n  and  null  die  sum1  .unoiini  o|  ion  iMtinhardtitenf. 
the  sttemphs  « jf  the  (  and  <  >  peaks  weir  weaker  relative  io 
those  o|  die  non  peak*  l  he  Mo  and  t  i  peaks  weir  ahoui 
•  •I  the  same  stiemph  of|-><ai  and  on-siat 

All  the  "diet  luht !«  antv  md  the  telrirnc  e  i»a\e  about  the 
same  sjieitra  in  the  as  -received  condition  Mowevei.  ,il f<*r 
six  minutes  o|  ion  Itotuixirdmciii.  all  the  sjieetra  Irom  out¬ 
side  the  wear  seal  as  well  as  limit  the  reletence  plate  were 
essentially  Tree  nl  O  and  (1  while  those  I  mm  inside  die  wear 
scar,  noiahlv  those  Irom  1(11*  and  |>eili.ips  also  from  IVI  / 
had  a  hiqher  O  and  (1  content. 

In  order  to  show*  the  effect  of  ion  bombardment  on  el* 


cinemal  composition.  the  plots  ol  Fig.  IK  were  drawn  lor  a 
position  w ithin  die  weat  st  ar.  I'hev  present  the  ratios  ol  the 
()  and  (1  peaks  to  one  of  the  He  peaks  as  a  f  unction  of  time. 

A  shar  p  <  han*»e  ol  slope  alter  two- to- linn  minutes  probable 
si  mi  dies  i|u*  iemov.il  ol  a  sm  lac  e  lavei .  I  he  following  oh- 
sri  v  .limits  i  .in  hr  made: 

1  All  dir  (  - 1  .i  tic  in  ir.it  lire!  .i  low  plateau  value  altrt  two 
nurtures  of  mu  homhardmrur  <oi  lr*s>.  J  he  highest 
plateau  values  cm  responded  to  1(11*,  next  was  111/ 

2  All  dir  (’.-ratios  showed  onlv  one  <  h.uu*e  o|  slope*  with 
nine  ol  mu  hoinhai  dineni 

K.  All  the  O-raiios  except  th.it  of  the  reference,  showed 
two  c  liatujes  ol  slope,  at  two  and  at  font minutes.  After 
six  minutes  nl  ion  bombardment  I  Cl*,  (lie  fully  for- 
tmilaied  luhiwaut  idMII.l  and  1(1/  had  the  lushest 
O-ratio.  the*  releretiee  vetv  difmiteh  the  lowest.  Thus 
there  are  two  ( )-c  om.itnim*  films. 

•I.  1  lie  shapes  ol  the  (Malio  plots  lor  1(1*  and  (•Mil. 
were  similar. 

I  iotn  these  observations  the  lollowinq  deductions  would  ^ 
seem  fn  lw*  reasonable 


I.  l  ire  high  (.’-ratios  and  O-ratios  in  the  otiiermost  stir- 
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Fig.  b— Effect  of  acki  proba  on  contact  region  roughness.  (Roughnaaa  was  maaturad  by  the  centerline  average  method  and  the  profiles  were  obtained 
at  4*80  A  wavelength).  The  relative  roughnaaa  change  is  defined  aa  the  difference  between  the  roughness  before  end  after  add  treatment  when 
roughness  itself  ie  defined  as  the  area  on  the  optical  profile  plot,  which  is  bounded  by  the  center  line  and  the  curves  above  or  below  lor  an 
arbitrary  distance. 


Fig.  9—  Traction  curves  tor  the  base  oil  after  surfaces  had  been  soaked  in  different  additives 

I  .tic  lasei  .lit-  |  >  l  olinhls  .iliiinvphet  n  i  ■  >tn  .it  iiin.i  t  ir  m  oxtih  lasei 

I  lies  are  present  csen  in  the  refeieiu  e.  t  \  tarhide  l.nri  iiiihIii  also  undells  tile  atmnsphel  i< 

2.  I  ( IP  anti  ( tM  II.  (also  contain  intf  I  CP)  have  an  oxide  i  out  animation  las  rr. 

laser  under  the  .itinuspltcri<  euinnnnn.niiin  laser  I)  I  Z 

is  likelv  to  have  one  as  well.  1  he  relerem  e,  Inmevei ,  C.nelnl  Muds  of  t lit* or itpu.il  > jx-c  na  did  not  show  a  lnt;hei 

does  not  have  surh  a  laser  svillnn  our  etror  ol  men-  (a -min  filtration  m  the  sve.u  n.uk  than  ssithom  It  ur  kies 

surement.  hut  the  other  materials  might  have  a  weak  [12)  notired  surh  att  increase  lor  302  stainless  steel. 


<  ,m*i  » MJiri  i  i»»|h  iiw' i  •*»  nr.iimi; 
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iii^  even  though  operating  com  lit  ions  <oul<l  have  Ik*cii  l«ir 
(roni  those  |M«suiliiled  by  (lie  Blok  leui|ieiuluie  criterion. 
A  principal  objective  of  this  study  was  to  try  to  explain  the 
liehavioi  of  the  arid  prolie  in  the  hope  dial  an  answer  iline 
would  also  help  toward  arriving  al  an  .mswei  lo  the  laltei 
(piestion. 

I)d  Terences  in  the  optical  profile  at  different  wavelengths, 
ellipsonieiry,  and  Auger  electron  speriroscopv  have  now 
lieeii  shown  lo  disrriniinate  lielwecn  die  surface  within  the 
wear  track  on  M-50  steel  and  outside  ol‘  it.  The  evideme 
iMiiuls  lo  a  higher  concern  rat  ion  of  an  oxide,  most  likelv 
iron  oxide,  vs  il  Inn  die  wear  Hack  than  outside.  Iiiteresiinglv 
enough,  it  would  seem  dial  TCI*  promotes  die  lorniaiion 
ol  stit  li  an  oxide.  Our  Auger  speclra  never  showed  phos¬ 
phorus  peaks  as  others  had  re|x>ned  ill),  hut  then  litis 
st mix  used  oulv  dilute  solulions  ol  !(il‘  while  Shalrin  1/ /) 
used  die  pure  material.  Such  an  oxide  would  lean  much 
luster  chemirallv  with  arid  (lien  die  allov  sieel  ilscll.  I  hits, 
the  oxide  would  explain  the  behavior  of  die  Imlrm  lilorit 
at  id  prolie.  The  oxide  is  more  likelv  lo  lie  formed  in  die 
wear  track  diun  outside  ol  it  because  of  the  higher  violate 
ieui|K'i  aliue  in  (lie  wear  track.  Il  would  also  reduc  e  h  it  lion 
at  higher  ieiii|H‘ialuri‘s.  llioiigh  mil  at  low  ones  and  explain 
IhiiIi  our  data  of  l  ig.  (*  and  die  resulis  of  I'aui  and  Wheelei 
I  5 1  All  hough  sue  h  au  iron  oxide  laser  on  die  xurlat  e  c  on  Id 
conceivable  promote  die  formation  of  friction  pnlvmei  — 
whose  formation  was  repined  to  lie  enhanced  by  TCP  alv> — 
il  is  more  likelv  (hat  the  same  oxidizing  conditions  that  lead 
to  die  formation  of  die  oxide  also  lead  to  die  lorniaiion  ol 
friction  polymer.  .Since  friction  polymer  is.  in  turn,  related 
to  acid  sludge  and  die  acid  is  likely  to  react  tpiicklv  with  die 
basic  iron  oxide,  provided  die  temperature  is  high  enough, 
a  c  ase  could  be  made  for  a  mechanism  of  sculling,  vi/  re¬ 
moval  of  die  oxide  laser  bv  reaction  with  acids  iu  die  lu- 
bricanl  ex|K>siug  die  nascent  metal  and  allowing  meial-io- 
meial  welds.  Wink  now  iu  progress  in  om  lalKiraloiv  will 
test  this  idea. 

A  new  ineialluigic.il  phase  lor  M-.Vl  steel  was  also  loiuicl 
and  i  epen  led  in  our  c.olicr  public  alion  1 J).  Ils  etc  lung  c  hat  - 
aclfiislic'  seemed  n>  idcimlv  it  as  a  carbide  I  lie  liigltci 
i  il  Imit  i  onletiis  1 1  n  tilt  I  ill  die  cveat  II  ai  k  below  die  Mil  hit  e. 
espec  i.illv  loi  I  (  I’,  ale  lonsisienl  Willi  ibis  nleiilihi  alion 

I  be  sli.il  p  mill.il  del  lease  hi  die  ball  expel  iinelll  ol  ac  id 
piobe  I  e.u  I  iv  il  v  ol  die  Ivvo  amine  antloxidanlx  I  fig  >  i  c .  n  i 
be  ex  pi.  lint'll  bv  die  inili.i!  lorniaiion  ol  an  .uiiiiie  suil.ne 
him  aucl  siibsei|ueii(  exposoie  ol  die  oligmal  illov  sieel 
sin  t.u  i  .  t.e  die  I. it  k  •>!  a  sui  l.n  e  oxide  Nun  e  die  iuei.il  I  •  a.  is 
lllolt  slccwlc  ill. Ill  the  oxide— w  III!  Il  was  pievelllecl  Innu 
lot  tiling — I  he  pi  oln*  i  eat  I  mu  slow  s  down  I  tuc  e  die  amine 
alii  luxid.illl  Is  exli. nisi  eel.  die  leai  lion  speeds  up  again.  Imw  • 
ec  el  .  thus  explaining  die  me  i  eased  ac  liv  n  s  l.ilci  I  lie  an  line 
mii  lac  e  him  c  cm  Id  also  he  ill  si  i  u  menial  m  I  ethic  mg  1 1  .n  >  m  m 

I  lie  hclcav  |ol  ol  It  I  /.  llle  .mill  ol  loslon  adclllice.  Il.l  -  l«  e  ll 
I  on  ml  lo  lie  smillat  lo  I  CP  in  some  wavs  I  Is  low  Oil  solid  nine 
lecpmes  ns  small  coiicetilration.  Bv  die  same  lokeu.  u  is 
mine  likelv  lo  come  mil  ol  soliiltmi  and  coal  die  lieaiing 
Mil  lac  C's  vvidi  an  anodic  ll  h  later.  Howctcl .  as  P.u  kins  c  /  » I 
admits,  die  behavior ol  lliese  iiialenals  is  still  not  well  i mile r  ■ 
sun  id.  even  hv  elevliiH  hemisis.  (hough  iliev  have  Iwen  used 
lot  a  long  lime. 


Il  vi i nilc I  appeal  dial  die  lieh.ivior  ol  I  Cl'  with  i es|>ec  l 
lo  oxide  lorniaiion  in  die  lullv  loi mulaied  oil  is  uoi  altered 
In  die  other  tucl  .idclilives  as  the  lullv  liirmiilaled  oil  be- 
haved  simil.il Iv  However,  there  are  mutual  inlliiences  on 
Irailioii.  1  liev  should  lie  die  siih|ec  l  ol  lurdiei  studs. 

I  Inis,  il  would  seem  dial  leads  have  lieen  generated  to 
help  in  die  design  ol  lubricating  materials  lo  reduce  traction 
and  sculling  failure.  Their  chemical  interaction  with  the 
lieai  ing  surfac  es,  i.e.  die  lorniaiion  of  oxide  and  jierhaps 
oilier  l.ivers  is  an  im|iurium  key. 
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Fuels  used  In  aircraft  jet  engines  also  serve  as  coolants  in 
heat  exchangers.  As  they  circulate  past  hot  aluminum  or  stainless 
steel  surfaces,  they  deposit  decomposition  products  which,  if  allowed 
to  accumulate,  seriously  reduce  both  heat  transfer  and  flow  rate  at 
a  given  pressure  drop.  The  deposit  problem  Is  aggravated  by  the 
presence  of  dissolved  oxygen,  a  high  aromatic  content  and  the  small 
amounts  of  nitrogen  and  sulfur  compounds  which  are  most  prominent 
In  fuels  derived  from  shale  oil.  An  accepted  procedure  for  the  test¬ 
ing  of  fuel  stability  makes  use  of  a  rig  (jet  fuel  oxidation  tester, 
JFTOT)  In  which  air-containing  fuel  Is  . pumped  through  the  jacket 
of  a  "condenser"  whose  Inner  tube  Is  made  of  6  cm  long  aluminum  or 
stainless  steel  tubing  of  3  mm  outside  diameter,  terminated  at  both 
ends  by  4.5  cm  long,  5  mm  diameter,  brass  or  steel  cylinders  to 
which  electrical  connections  are  made.  The  outer  wall  of  the  jacket 
Is  a  glass  tube,  which  fits  snugly  around  these  cylinders,  thus 
providing  an  annular  space,  1  mm  wide,  for  the  flow  of  the  fuel 
which  enters  and  leaves  by  connecting  tubes  located  at  the  ends  of 
the  test  section  and  directed  at  right  angles  to  the  condenser  axis. 
The  Inner  tube  Is  heated  by  electric  current  to  a  temperature  moni¬ 
tored  at  the  center  of  the  test  section  by  a  thermocouple  with  leads 
along  the  tube  axis.  Typical  temperatures  range  between  200  and 
300°C.  The  standard  flow  rate  is  3  ml  per  minute.  The  flow  of  cool 
liquid  fuel  over  the  tube  surface  causes  the  surface  temperature 
to  vary  with  distance  from  the  Inlet  and  the  displacement  of  the 
position  of  maximum  temperature  from  the  tube  center  to  the  outlet 
side. 

After  several  hours  of  operation  deposits  will  have  formed  on 
the  outside  wall  of  the  Inner  (JFTOT)  tube  of  the  "condenser," 
predominantly  on  the  outlet  side.  In  the  standard  test  the  deposit 
density  and  color  is  rated  against  empirical  standards.  In  our 
study  JFTOT  tubes  were  located  in  a  horizontal  plane  above  an  all- 
reflecting  microscope  objective  lens,  whose  optical  axis  was  in  a 
vertical  direction,  in  such  a  way  that  the  deposits  were  in  the 
focal  plane  of  the  objective.  The  enlarged  image  of  the  deposit 
was  aligned  at  the  focal  position  of  the  collimator  mirror  of  an 
Infrared  Fourier  spectrophotometer.  This  instrument,  of  our  own 
design  and  construction,  was  described  earlier  [1],  Translation 
of  the  JFTOT  tubes  in  an  axial  direction  could  be  done  precisely 
and  accurately  so  that  different  deposit  portions  could  be  brought 
Into  the  field  of  view  and  their  Infrared  emission  spectra  analyzed. 
For  this  purpose  JFTOT  tubes  were  heated  to  70°C  by  thermostatted 
water.  A  room  temperature  Golay  detector  was  used  in  the  spectro- 


photometer.  The  spatial  resolution  was  better  than  0.5  mm.  The 
deposit  thickness  ranged  between  100  and  1000  A,  as  estimated  by  SEM. 

With  many  fuels  the  JFTOT  deposits  formed  In  a  series  of  brightly 
colored  rings,  shown  schematically  in  Fig.  1  (bottom).  These  rings 
are  not  Interference  colors  for  they  generally  correspond  to  emission 
Intensity  maxima  (Fig.  1,  top).  Most  likely  they  were  produced  by 
Instabilities  of  flow  velocity  similar  to  those  observed  by  Knapp 
et  al.  [2]  In  their  Investigation  of  the  flow  pattern  about  the 
wall?  of  a  cylinder  whose  axis  Is  located  In  the  flow  direction. 

At  positions  of  low  flow  velocity  In  the  boundary  layer  overheating 
Is  likely  to  occur,  giving  rise  to  fuel  decomposition.  The  color 
of  the  rings  Is  probably  caused  by  light  scattering. 

Figure  2  shows  emission  spectra  obtained  at  three  positions 
Indicated  in  Fig.  1.  The  deposits  come  from  JP-4  fuel  containing 
102  of  aromatics  and  were  formed  at  a  285°C  JFTOT  temperature.  The 
top  spectrum  corresponds  to  a  peak  of  overall  infrared  emission— 
and  a  yellow  ring— while  the  other  spectra  correspond  to  between-rlngs 
positions.  Characteristically,  the  top  spectrum  shows  apparently 
Inverted  emission  and  absorption  peaks  at  the  Intersections  with 
the  broken  lines  because  deposit  thickness,  substrate  reflectivity 
and  wavelengths  resulted  In  the  distortions  described  by  Hvistendahl 
et  al^  [3].  The  middle  spectrum  Is  also  partly  distorted  while  the 
bottom  spectrum  Is  essentially  undistorted.  The  distortions  can 
be  removed  by  computations,  showing  that  all  three  spectra  are  very 
similar  and  permitting  estimation  of  deposit  thickness.  Chemically 
the  bands  at  the  broken  lines  refer  to  aromatic  rings,  but  the 
last  one  (1740  cm-1)  to  carbonyl  groups. 

Figure  3  shows  emission  spectra  from  deposits  of  a  jet  fuel 
derived  from  shale  oil,  which  were  collected  on  aluminum  and  stainless 
steel  JFTOT  tubes.  The  upper  spectrum  Is  distorted,  but  both  spectra 
can  be  shown  to  be  essentially  Identical  (by  computer).  The  main 
carbonyl  band  Is  now  at  1700  cm-1  (carboxyl).  This  band  and  others 
Indicate  the  presence  of  metal  carboxylates.  A  particularly  outstand¬ 
ing  difference  between  these  spectra  and  those  of  Fig.  2  Is  the 
presence  of  strong  bands  around  1100  cm"'  (OH  and  unsaturation) 
and  at  730  cm"'  (CH2  rock). 

It  Is  clear  that  such  analyses  are  difficult,  but  can  yield 
a  wealth  of  Information.  The  JFTOT  tubes  containing  the  deposits 
were  supplied  by  Mr.  Robert  Morris  of  Wright-Patterson  AFB.  His 
cooperation  and  the  funding  of  the  project  by  AF0SR  Grant  No.  AFOSR-81- 
0005  are  gratefully  acknowledged. 
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The  eoavoaleion  and  surface  profile  of  different  bearing  surfaces  was 
determined  after  different  periods  of  operation  under  various  operating 
parameters.  A  variety  of  lubricating  oils  and  additives  such  as  trlereayl- 
phosphate  antiwear  agentt  amine  antlcorroelve  agents  and  antioxidants,  water 
and  oxidised  oils  (containing  acidic  components)  ware  used.  Optical  surface 
profiles  could  be  obtained  to  ±  30  ft  depth  resolution  of  10  um  diameter  areas 
within  and  outside  the  wear  track  and  the  optical  constants  and  surface  film 
thickness  of  the  tame  areas  could  be  found  by  a  specially  designed  magnetic¬ 
ally  tndulatad  scanning  alllpsomater.  Metal  oxide  formation  was  accelerated 
within  wear  tracks. 


1.  INTRODUCTION 

Although  lubrication  haa  been  recognised 
at  a  surface  phenomenon  for  a  very  long  time 
and  Is  of  enorsHua  Importance  In  modem  civil¬ 
ian  and  military  technology,  the  changes 
occurring  on  a  microscale  which  must  precede 
macroacoplc  changes,  such  aa  failure  by 
scuffing,  are  still  mostly  unknown.  Tet  the 
Identification  and  understanding  of  these 
ehangea  offer  much  promise  toward  the  solution 
or  at  least  mitigation  of  bearing  problems. 

While  many  new  methods  of  surface  anal¬ 
ysis  have  been  developed  In  recenc  years, 
their  requirements  of  ultrahlgh  vacuum  and  of 
electron  bombardment  make  these  methods  destruc* 
tlve.  furthermore  they  mostly  furnish  only 
eleawetal  analysis  and  then  their  spatial 
resolution  la  not  high,  for  soma  of  our  work 
we  have  been  fortunate  In  having  access  to  a 
scanning  Auger  electron  spectrophotometer 
(AI3)i  Ita  best  spatial  resolution  of  about 
30  um  la  rather  high.  However,  most  of  our 
analyses  were  carried  out  with  spatial  resol¬ 
utions  better  than  20  um  sad  they  made  use  of 
(1)  a  phase-locked  Interference  mleroacope 
(PL1M),  (11)  aa  electronic  faraday-modulated 
elllpeosMter  (ins),  (111)  speekle-contrast 
(SC),  and  (Iv)  friction  and  lubricant  thick¬ 
ness  measurements  with  a  ball-on-plate  slid¬ 
ing  contact.  This  apparatus  vas  assembled  and 
brought  to  beer  In  the  search  for  significant 
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surface  changes  of  a  loaded  ball-plate  slid¬ 
ing  contact  operated  on  Its  way  to  failure. 

A  realistic  system  was  selected  for  these 
laboratory  studies i  an  operating  contact  con¬ 
sisting  of  a  loaded  M-50  bearlng'stael  bell-on- 
plate  of  ths  same  material  mock-bearing  and 
lubricants  simulating  MIL  23699  and  its  addi¬ 
tives,  l.e.  a  moat  comnn  heavily  loaded  beer¬ 
ing  system.  The  mock-bearing  had  dimensions 
such  that  the  width  of  the  wear  track  was  amen¬ 
able  to  our  surface  analyses. 

Significant  changes  were  found  (1)  In  the 
changes  of  the  surface  profile  within  the  wear 
Crack  over  the  course  of  bearing  operation  fos 
dlffarent  lubricants,  (11)  In  the  race  of  oxi¬ 
dation  of  the  steel  bearing  surface  within 
and  without  ths  wear  track,  (111)  In  the  rate 
of  change  of  optical  profile  within  and  without 
the  wear  track  after  a  brlaf  exposure  to  di¬ 
lute  hydrochloric  acid,  and  (Iv)  In  the  fric¬ 
tion  for  different  lubricants.  Common  surface 
additives  la  lubricants,  such  aa  crlcresyl- 
phosphate  (anelwear)  and  bensocrlasole  (anti¬ 
corrosion),  produced  larger  profile  changes 
than  other  coaon  lube  additives.  Invariably 
chase  changes  could  be  associated  with  ehs 
mors  rapid  formation  of  surface  oxides  within 
Chan  without  the  wear  track. 

The  hydrochloric  acid  probe  reaction 
changing  the  surface  profile  could  become  a 
convenient  and  useful  test  for  bearing  sur¬ 
face  reliability. 

The  HIM  and  ITKI  Instruments  developed 
for  this  work  will  prove  to  be  useful  in  many 
different  applications,  not  only  In  ths  anal¬ 
ysis  of  metal  and  metal  oxlds  surfaces.  -The 


applicability  of  SC  will,  hovavar,  remain 
wary  limited. 

2.  MTUllU 

The  lmbrlcaata  were  trlmechylol  propane 
trlheptaneaee  base  acock  either  alone  or  with 
one  or  all  of  the  following  (1)  benzotrlazol* 
(0.0203%  corroalon  Inhibitor,  tTZ),  (11)  dto- 
ctyldlpheny lamina  and  (111)  phenyl-alpha* 
naphthyl amine  (both  1.034%  and  antioxidant a, 
DOOM  and  MM),  and  (It)  trlcreaylphoaphate 
(2.33%  TCP  antlwaar  additive).  The  fully 
formulated  oil  la  equivalent  to  KII.-1-234M 
(C-KIL-99). 

The  probe  aolution  waa  0.04  M  hydro¬ 
chloric  acid  In  ethanol. 

The  ball  and  tha  place  were  hardened 
(62-43RC)  martenelcic  H-50  ateel  (0.8%  C, 

4.1%  Cr,  1.0%  V,  4.23%  Mo). 

3.  APPARATUS  AMD  EXPERIMENTAL  CONDITIONS 
Ball/Plata  Sliding  Contact 

In  thla  rig  an  M-50  bearing  ball  of  20.4 
ana  diameter  could  be  rotated  by  a  horlxontal 
theft  aupported  by  two  bearlnga  and  driven  by 
an  electric  motor.  The  ball  waa  loaded  from 
the  cop  by  an  M-30  plate  aupported  by  linear 
bearlnga  on  a  horizontal  loading  platform  In 
aueh  a  way  chat  the  friction  force  developed 
in  che  contact  could  be  determined  from  the 
■train  generated  in  a  leaf  tprlng  connecting 
the  plaee  with  the  loading  platform.  The 
loed  could  be  varied  by  hanging  walghta  on 
the  loading  platform.  Tha  lubrlcanea  were 
Injected  Into  tha  contact  from  a  reaarvolr 
at  ambient  temperature  by  a  periacalclc  pump. 

Tha  maximum  Hertzian  preeaura  waa  0.1  SPa 
la  all  ehe  experlmeata  reported  hare.  Tha 
ball  apeed  waa  220  revoluelona  per  minute, 
correapondlng  to  0.2  m/a  linear  apeed.  Tha 
duration  of  every  run  waa  30  mlnutea  at  which 
dam  the  traction  force  had  reached  a  near- 
aceady  value. 

No  attempt  waa  made  to  control  the  con¬ 
tact  temperature  or  to  meaaure  It.  However, 
an  aeelmace  of  ehe  maximum  aurface  tempera¬ 
ture  rlae  baaed  on  Ulnar' a  calculaelona  [1] 
Indicated  that  the  temperature  could  have 
exceeded  220°C,  the  critical  temperature  for 
TCP/eurfaca  reaction  according  to  Pane  and 
Uheeler  [2]. 

AC  Phaae-locknd  Interference  Nlcraecope  (PU2I) 

Thla  lnaerumant,  achamaelcally  ahown  In 
Pig.  1,  la  baelcally  a  Niche  Icon  Interfere- 
netar  with  a  laaer  aource  and  nicroacope 
objectlvaa  facing  two  nlrrora  at  alnoat  equal 
dlatancea  from  ehe  beemaplleter.  One  of  ehaae 


mirror*  la  tha  reference  mirror  which  le  vi¬ 
brated  pletoelactrleally  at  20  KHz.  The  oeher 
"mirror"  la  tha  temple  aurface,  vhleh  can  be 
tranalaeed  horizontally  to  bring  aurface 
faaturea  of  different  height*  lneo  the  field 
of  view.  Haflected  radiation*  from  that* 
mirror*  are  recombined  at  tha  beemaplleter  and 
paaaed  through  another  mleroacope  objective 
to  bring  enlarged  Interference  fringe*  onto 
a  photodetector.  If  eh*  two  beamaplletar-to- 
mirror  dlatancea  are  equal  the  photodetector 
la  "lockad"  into  tha  peak  of  a  fringe  and  the 
20  UU  amplitude  vanlahe*.  If  they  are  not 
equal,  an  error  algae 1  la  generated,  reault- 
ing  In  a  d.c.  potential  on  tha  piezoelectric 
cryatal  to  ahift  ita  plana  In  auch  a  way  aa 
to  make  eh*  dlaeaacea  equal.  A  ploe  of  d.e. 
pocanelal  agalnat  ehe  horizontal  aample  pool- 
tlon  raaulta  In  eha  "optical"  profile  of  a 
aurface.  It  1*  the  optical  profile  rather 
than  eha  eru*  phyaieal  profile  becauae  la 
reality  phaaaa  and  not  dlatancea  are  compared 
and  phaqea  depend  on  eh*  opeical  conatanee  of 
eha  aurface  layer  and  lta  thlckaea*  a*  well 
a*  on  eh*  optical  propertlaa  of  the  aubaerae*. 
Por  thla  raaaon  eh*  profile*  obtained  with 
different  laaer  wavelength*  are  different 
when  different  aurface  layer*,  a.g.  oxide*  on 
ateel,  are  praaent.  Prom  theae  dlfferenclaa 
eha  nature  and  chlcknaa*  of  ehe  oxide*  can  be 
deduced  provided  eoae  of  eha  optical  conatanca 
ar*  Independently  known,  a.g.  alllpaonecrlcally. 

Paraday-Modulated  Xlactronlc  Recording 
Scanning  tlUpeomoter  (ZSZ) 

A  tc hematic  diagram  of  the  Paraday-nodu laced 
alllpaomaear  la  ahown  In  Pig.  2.  Thla  la  eh* 
alllpaomaeer  originally  dealgned  by  Monin  and 
Sou Cry  (3),  which  waa  modified  flrac  by  Sullo 
and  Moor*  at  the  Ualveralty  of  Sochaater  (4] 
and  now  by  ua.  Radiation  from  che  laaer  aource 
I  la  polarized  by  tha  polarizer  P,  whoa*  azi¬ 
muth  of  vibration  with  raapect  to  eh*  plan*  of 
Incidence  la  *.  On  reflection  from  eh*  aample 
aurface  M  eha  plane-polarized  radiation  haa 
become  elllpclcally  polarized.  The  angle  of 
the  aeml-major  axla  of  the  elllpa*  and  eh* 
plana  of  Incidence  la  y.  CP  la  a  Paraday 
modulator  coaalaelng  of  a  aolanoidal  coll  with 
a  Paraday  glaaa  cylinder  at  lta  axla.  The 
nagneele  field  ganeraead  by  the  coll  cauaea 
tha  azimuth  of  polarized  radiation  of  eh* 
light  traveling  along  the  axla  of  eh*  cylinder 
to  be  changed  proportionally  eo  eha  magnleud* 
of  eh*  nagneele  field  and  to  eh*  length  of  eh* 
cylinder,  the  proportionality  conatane  being 
called  the  Verdae  conatant.  Thla  phenomenon 
la  known  a*  ehe  Paraday  affect.  The  coll  1* 
driven  by  a  300  Hz  oaclllator,  caualng  the 
nagneele  field  to  vary  wleh  that  frequency. 

Sy  the  Paraday  efface  the  Inclination  angle 


of  the  polarization  alllpaa  with  raapaet  to 
cho  plana  of  Incidence  la  alto  varied  with 
tha  a ana  frequency.  The  radiation  from  tha 
Faraday  aodulator  la  paaaad  through  tha  polar¬ 
ization  aaalyxar  A  of  axiauth  S  and  lx  finally 
dataetad  by  tha  photocall  or  photonultlpllar 
PM. 

Our  lnatruaant  uaaa  a  10  cz  long,  0.6  ca 
dlaaatar  Faraday  glaaa  cylinder  (thraa  data 
aa  long  at  Sullo't)  In  order  to  obtain  a  largo 
amplitude  of  Modulation.  Tha  currant  In  tha 
coll  la  nodulated  vltb  a  500  Hx  frequency,  ff 
the  analyxar  angle  g  la  equal  to  tha  true 
azlnuth  y ,  tha  radiation  detected  at. the  500 
Hz  frequency  by  phaae-aenaltlve  electronic 
detector  la  zero  and  the  electronic  ayaten 
la  "locked".  At  the  a ana  tine,  the  anplltude 
of  the  flrat  harmonic  (1000  Hz)  la  Monitored 
to  nake  aura  It  la  non-zero.  If,  however,  tha 
anplltude  detected  at  500  Hz  la  nonzero,  an 
error  algnal  la  uaed  to  turn  the  analyzer  by 
an  angle  appropriate  to  nake  It  zero.  Thla  la 
done  by  an  alectro-opclc  tranaducer  and  con¬ 
trol  circuiting  capable  of  raaolvlng  0.01 
dagraea  of  arc. 

Scanning  of  a  aaaple  aurfaca  la  done  by 
Moving  the  aaaple  M  parallel  to  lta  plane 
while  the  polarizer  la  rotated  at  an  eaten- 
dally  conatant  epeed  with  a  DC  notor  and  tha 
analyzer  la  being  contlnuoualy  react  at  correa- 
pondlng  azlMutha.  Flota  of  polarizer  veraua 
analyzer  angle  look  like  tha  curve  of  Fig.  3. 
One  Method  of  obtaining  tha  elllpaometrlc 
parametere  6  and  A  from  thla  curve  la  graphi¬ 
cally  aa  ahown  In  the  figure.  However,  our 
eouputerlzad  curve  fitting  program  la  Much 
more  accurate,  becauaa  all  the  data  polnta  on 
the  curve  are  uaed,  not  juac  a  few  aalected 
onea.  Furthermore,  Many  euch  curvet  can  be 
traced  and  averaged  In  a  abort  tine.  Once 
A  and  e  are  known,  the  Index  of  refraction 
n  and  tha  f 11m  thlckneaa  can  be  calculated, 
but  tinea  n  la  complex,  conaletlng  of  two 
varlablea.  More  than  two  ueaaureuenta  are 
needed,  a.g.  at  More  anglea  of  Incidence  (not 
Juac  at  45°),  different  wavelengtha,  ate. 

The  coupueadona  can  bee  one  quite  axtenalve, 
but  are  eaally  performed  on  a  aaall  laboratory 
computer. 

ly  placing  a  olcroacope  objective  forming 
a  real  Inage  of  the  temple  turface  ahead  of 
the  detector,  temple  areaa  aa  auall  aa  20  urn 
In  diameter  can  be  reaolved  elllpaomecrlcally, 
Moat  of  the  energy  reflected  of  the  aurfaca 
la  loat,  but  aufflclent  energy  reaalna  to 
nake  tha  naaaureaanta. 

4.  RESULTS 

Tract Iona  and  Surface  loughnaaa.  Effect  of 
the  Acid  Probe 

Figure  4  ahowa  traction  curvet  for  the 


different  lubrlcanta  after  the  ball  and  platen 
were  aoaked  In  then  for  three  houra  at  ambient 
temperature.  The  operating  condltlona  were 
tuch  that  acorlng  or  acufflng  would  occur  very 
toon  for  the  fully  formulated  oil,  thereby 
allowing  ua  to  naxlmlza  the  dlfferancaa  with 
reapect  to  acorlng  or  acufflng  for  tha  addl- 
tlvea.  Dlfferancaa  betveen  the  bearing  eur- 
facea  for  the  antloxldanta  and  TCP  with  and 
without  aoaklng  were  found.  Tha  aurfaca  rough- 
neaeea  (atandard  CLA  roughneaa)  were  determined 
from  the  optical  prefllaa  and  plotted  In  Pig. 

5.  Tha  antloxldanta  DODPA  and  PAHA  ahow  the 
leaat  change  over  tha  meaaured  time  period 
within  tha  error  llnlta.  DODPA  and  PAHA  are 
alto  the  only  lubrlcanta  giving  a  algnlflcane 
reduction  of  roughneaa  In  the  Initial  phaae 
of  operation  when  the  acid  probe  waa  applied 
Since  theta  meaaurementt'  were  made  In  eep- 
arate  experiment!,  the  conalatency  of  the 
traction,  roughneaa,  and  acid  probe  data  mutt 
be  algnlflcane.  Another  Interacting  obeerva- 
tlon  la  the  aharp  lncreaae  In  relative  rough¬ 
neaa  ehange  after  acid  treatment  for  both  BLZ 
and  TCP  In  tha  final  atage  of  the  ball  plate 
run,  while  tha  roughneaa-  change  remained  about 
eonatane  during  moat  of- the  run. 

A  cloter  exaalnaelon  of  Fig.  5  reveala 
tome  Interacting  correlaelona.  Since  the 
vertical  acale  la  arbitrary  and  the  curve* 
were  dlapleced  by  arbitrary  amounta  eo  avoid 
confualon,  only  trenda  are  algnlflcane.  The 
fully  formulated  oil  (C-MIL-99)  and  the  two 
amine  addltlvea  PAHA  and  noDPA  gave  rlae  to 
roughneaa  peaka  at  about  20  aeconda.  The 
fully  forxailaeed  oil,  the  bate  oil  and  ITZ, 
the  antlcorroalon  additive,  had  roughneaa 
peaka  at  about  80  aeconda.  Only  TCP  ahowa 
a  deacendlng  alope  beyond  100  aeconda.  Theta 
dlfferancaa  might  be  related  eo  the  formation 
of  different  aurfaca  oxldaa. 

The  two  aurface  addltlvea  TCP  and  ITZ 
had  the  hlghaat  traction  vhlle  the  aneloxl- 
dante  had  ehe  lowaae.  All  the  aurfacea  were 
aoaked  for  three  houra  in  the  reapectlve  lubrl- 
canta,  cleaned  and  dried,  and  then  laHadlately 
uaed  In  the  traction  teat  with  clean  baae  oil 
(Fig.  4). 

Xlllpeometry  of  Hear  Track* 

In  Fig.  6,  the  changec  of  alope,  cot  A/ 
ean  6,  were  plotted  acroaa  the  wear  crack  for 
tha  aamplea  of  Pig.  4.  It  will  be  noted  chat 
TCP,  which  had  Che  hlghaat  traction  In  Fig.  4, 
alto  ahowa  the  greateat  variation  over  the 
traverae.  Tha  aharp  poaltlva  and  negative 
peaka  corrtapond  to  a  apot  on  the  wear  track 
(between  100  and  500  urn  on  the  abeclaaa),  which 
la  clearly  vltible  under  the  ml'eroccope.  The 
half-wldtha  of  theae  peaka  la  about  20  ua. 

The  alope  changea  for  the  ocher  material! 
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Inalde  th«  wear  crack  vara  Bich  aaallar.  Oue- 
aide  cha  wear  crack  Cba  alopa  variation!  ward 
alntaali  Cha  bottoa  curve  for  DODPA  ahovi  the 
characearlactc  behavior  chare.  Clearly,  cha 
aacura  of  cha  aurfaca  la  dlffereal  lot  Ida  cha 
wear  crack.  The  change  la  aoc  cauaad  by  a 
change  of  reflacclng  angle  for  the  refleccad 
laaer  beaa  la  vary  raacrlcccd  by  apercurce. 

Whan  cha  anglaa  and  correepondlng  az louche 
vara  changed  la  order  co  compute  Cha  flla 
chlcknaaa  and  cha  opclcal  conacanca,  Cha  foraer 
cane  ouc  co  be  abouc  60  X  ac  Cha  aaxlaua  and 
Cha  laccar  correapond  roughly  Co  by 

cooiparlaon  vlch  cha  daca  of  Laberknighc  and 
Lueeaan  (Si.  The  ldandflcadon  la  cancadve 
and  noc  unique  for  lack  of  reference  daca, 
which  will  be  obealnad  lacar. 

The  prafaranclal  producclon  of  a  Chin 
oxide  layer  on  wear  Cracka  would  aaea  Co  be 
general,  but  la  acrongaae  for  ehoaa  produced 
in  the  praaenca  of  TCP. 

Ic  ahould  ba  polncad  ouc  chac  cha  collec¬ 
tion  of  data  auch  aa  ehoaa  of  Fig.  6  peraenea 
problaaa  different  froa  ehoaa  encountered  whan 
ellipaometry  la  uaad  with  dielectric  aubacracee 
[6].  Moac  elllpeoaatric  work  today  refara  Co 
dielectric!  and  aaalconductora.  The  no at 
laporcant  difference  la  reflectivity  -  high  fbr 
aacala  and  low  for  dlalactrica  and  i ea Icon- 
due  tori  .  Furthermore,  necala  have  a  complex 
index  of  refraction  (two  opclcal  conatanta), 
dieleccrlca  only  a  real  Index  of  refraction. 

Auger  Electron  Spectrogram! 

The  placea  ware  analyzed  after  the  ball 
experlaanca  wlch  every  lubricant.  Three  areaa 
ware  aalaceed,  two  within  Cha  wear  crack  and 
one  oucalde  of  It  for  reference.  After  cha 
ball  experlaene,  Che  apecimena  were  waahed 
with  loca  of  alcohol  and  allowed  Co  dry  and 
noc  handled  or  treated  prior  to  chair  Intro¬ 
duction  Into  che  Auger  apaceroaacar.  Aa  a 
control,  a  pollahad  K-50  place  noc  uaad  In 
a  ball/place  experlaene  waa  Included  In  the 
aet  of  Auger  analyaea. 

All  cha  lubrlcanea  and  the  reference 
gave  about  che  aaae  apectra  In  the  aareceived 
condition.  Bowever,  after  alx  alnutea  of 
Ion  bonbardaenc,  all  ehe  apectra  froa  out¬ 
ride  che  wear  tear  aa  well  aa  froa  the  refer¬ 
ence  place  were  eaaentlally  free  of  0  and  C 
while  ehoaa  froa  laalde  che  wear  tear,  notably 
ehoaa  froa  TCP  and  perhapa  alao  froa  ITT  had 
a  higher  0  and  C  concenc. 

la  order  to  ahow  che  effect  of  Ion  bom- 
bardaeac  on  elemental  coapoaltlon,  che  ploea 
of  Fig.  7  were  drawn  for  two  poelclon  within 
ehe  wear  tear.  They  preaent  che  racloa  of 
ehe  0  and  C  peaka  to  one  of  che  Fe  peaka  aa 
a  funcelon  of  dee.  a  aharp  change  of  alope 
after  two- co- four  alnutea  probably  aigniflea 
cHij  removal  of  a  aurfaca -layer .- 


Froa  Cheae  obaarvaelona,  Che  following 
deductlona  would  aean  to  be  reaaonablei 

1.  The  high  C-raeloa  and  0-raeloa  In  Che 
outaraoae  aurfaca  layer  are  probably 
acaoapherlc  contamination.  They  are 
preaent  even  In  che  reference. 

2.  TCP  and  GMIL  (alao  containing  TCP)  have 
aa  oxide  layer  under  ehe  aeauepherle  con- 
caalnacion  layer.  BTZ  la  likely  to  have 
one  aa  well.  The  reference,  however, 
doea  noe  have  -auch  a  layer  within  our 
error  of  aeaauraaenc,  but  the  oeher  mate¬ 
rial!  aighc  have  a  weak  oxide  layer. 

3.  A  carbide  layer  alghe  alao  underly  the 
ataoapharle  contamination  layer. 

3.  DISCUSSION  AND  CONCLUSIONS 

In  our  prevloua  publication!  (7], (81  the 
difference  In  the  efface  of  dilute  hydrochloric 
acid  (our  acid  probe)  on  caualng  contour  ehangea 
within  and  oucalde  a  wear  traek  waa  deaerlbed, 
Chla  difference  being  eapeelally  great  when 
teuffing  conditlona  vert  approached.  It  waa 
alao  found  chat  the  praaenca  of  the  anelvear 
additive  TCP  In  Che  lubrieanc  would  enhance 
ehla  difference.  Then  the  queaclon  waa  ralaed 
why  acufflng  could  occur  ao  euddanly,  apparennly 
without  warning,  even  ehough  operating  eon- 
dltlona  could  have  been  far  froa  thoae  poatu- 
lacad  by  che  Blok  ceaperacure  criterion.  A 
principal  objective  of  Chla  acudy  waa  co  cry 
Co  explain' the  behavior  of  ehe  acid  probe  In 
the  hope  chat  an  anawer  there  would  alao  help 
toward  arriving  ac  an  anawer  to  che  laccar 
queaclon. 

Dlffarencea  In  che  opclcal  profile  ac 
different  wavelength*,  elllpeoaetry,  and  Auger 
elaccron  apectroacopy  have  now  been  ehovn  co 
diacTlalnate  between  the  aurface  within  che 
wear  crack  on  M-50  aeael  and  oucalde  of  lc. 

The  evidence  poince  co  a  higher  concentration 
of  an  oxide,  aoec  likely  Iron  oxide,  within 
the  wear  track  chan  oucalde.  Inceraadngly 
enough,  It  would  aaea  that  TCP  proaotoa  che 
formation  of  auch  an  oxide.  Such  an  oxide 
would  react  auch  faaeer  chemically  vlch  acid 
chan  che  alloy  acael  lcaelf.  Thue,  ehe  oxide 
would  explain  Che  behavior  of  ehe  hydrochlorlq 
acid  probe.  The  oxide  la  aore  likely  to  be 
foraad  in  ehe  wear  crack  chan  oucalde  of  It 
becauae  of  ehe  higher  aurfaca  ceaperacure  In 
cha  wear  crack.  Ic  would  alao  reduce  friction 
at  higher  eeaperacurea,  ehough  not  at  low  onea 
and  explain  both  our  daea  of  Fig.  4  and  the 
reaulca  of  Faut  and  Wheeler  (2).  Although 
auch  an  Iron  oxide  layer  on  cha  aurface  could 
conceivably  proaoee  Che  formation  of  friction 
polyaer— whoee  formation  vaa  reported  to  be 
enhanced  by  TCP  aleo--lt  la  aore  llkaly  that 
the  aaae  oxidizing  condlciona  chac  lead  co 
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che  formation  of  tha  oxide  alto  load  to  tha 
formation  of  friction  polymer.  Since  friction 
polymer  la.  In  turn,  related  to  acid  iludga 
and  the  acid  la  likely  to  react  quickly  with 
tha  haelc  Iron  oxide,  provided  the  temperature 
la  high  enough,  a  caae  could  be  made  for  a 
mechaniam  of  acuffing,  via.  removal  of  Che 
oxlda  layer  by  reaction  with  acida  la  the 
lubricant  expoalag  tha  aaacenc  metal  and 
allowing  macal-co-macal  welda.  Work  now  In 
progreaa  la  our  laboratory  will  teat  chit  Idea. 

A  now  metallurgical  phata  for  M-50  ataal 
waa  alto  found  and  reported  in  our  earlier 
publication  [SI.  Ita  etching  character let lea 
teemed  to  Identify  it  aa  a  carbide.  The  higher 
carbon  concenta  found  In  the  wear  erack  below 
the  aurface,  expeclally  for  TCP,  are  eonalatent 
wleh  chit  Identification. 

The  aharp  Initial  decraaaa  In  eha  ball 
experiment  of  acid  probe  reactivity  of  the  two 
amine  antioxidanca  (Pig. 7  )  can  be  explained 
by  the  Initial  formation  of  an  amine  aurfaca 
film  and  aubaaquent  expoeurt  of  the  original 
alloy  ecael  aurfaca,  i.e.,  the  lack  of  a  aur* 
face  oxide.  Since  the  natal  reacta  more  alowly 
than  che  oxide— which  waa  prevantad  from  form- 
lng'-the  probe  reaction  alowa  down.  Once  tha 
amine  antioxidant  la  exhauacad,  the  reaction 
apeeda  up  again,  however,  chut  explaining  che 
lncreaaed  activity  later.  Tha  amine  aurface 
film  could  alao  be  lnatrumencal  In  reducing 
traction. 

Tha  behavior  of  BTZ,  tha  antlcorroalon 
additive,  haa  been  found  to  be  almllar  to  TCP 
la  aome  waya.  lea  low  oil  aolubllley  requlraa 
Ita  amall  concentration.  By  che  came  token, 

It  la  more  likely  to  coma  ouc  of  aoluclon  and 
coat  the  bearing  aur facet  with  an  anodic  [9] 
layer.  However,  aa  Parklna  [9]  admlta,  eha 
behavior  of  thoaa  aaterlala  la  aclll  not  well 
under a rood,  even  by  elecerochemlata,  though 
they  have  been  uaed  for  a  long  elma. 

Thua,  It  would  teem  that  leada  have  bean 
generated  to  help  la  ehe  daalgn  of  lubricating 
aatrrtala  to  reduce  traction  and  acuffing 
failure.  Their  chemical  Interaction  with  eha 
bearing  turfacea,  l.e.,  eha  formation  of 
oxide  and  perhapa  other  layara  la  aa  Important 
key. 
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Fig.  2  -  Schematic  drawing  of  ellipaometer. 
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Fig.  X  -  Schematic  drawing  of  laser  interfer- 

MiCII. 


Fig.  3  -  Determination  of  tho  ellipsomater 

parameters. 


Fig.  4  -  Tractions  for  difforont  lubricants. 


Fig.  6  -  Elllpoomatric  slopes  ovar  a  wear 
track  eravarsa  for  difforont 
lubricants. 


Fig. 7  -  Ratio  of  a  earbon  to  an  iron  Auger  peak 
(left)  and  of  an  oxygen  to  the  saaa  iron 
peak  (right)  for  ion  bombardment  times 
of  taro  to  six  alnutas  (10  %  are  removed 
per  minute) .  The  solid  and  broken  lines 
refer  to  tve  different  spots  within  the 
year  track. 


